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ABSTRACT 
Load-controlled, fully reversed, cantilever bending fatigue testing was conducted on specimens of 
induction hardened and tempered 1045 and 10V45 steels. Three different tempering treatments consisted 
of induction tempering treatments for either 5 s at 270 °C, or 4 min at 220 °C, and a furnace tempering 
treatment of 10 hr at 215 °C. Surface hardness for all heat-treat conditions and both steels was 
approximately 55 HRC, and the effective hardened depth was about 2.5 mm (to a depth of 50 HRC). 
Fatigue specimens were notched to a depth of 0.2 mm to promote surface nucleated cracks. Endurance 
limits ranged from approximately 470 to 605 MPa (68-88 ksi) for the three tempered conditions of the 
1045 steel. For the 10V45 steel, endurance limits ranged from 495 to 515 MPa (72-75 ksi). 
 During induction hardening, both steels possessed a prior austenite grain (PAG) size of about 
10 μm. X-ray diffraction (XRD) revealed similar surface residual stress values (about -750 MPa) and 
similar residual stress gradients. For all six conditions, the transition from compressive to tensile residual 
stress occurred at about 2.5 mm from the surface, which coincided with a change in microstructure from 
martensite in the case to the original ferrite-pearlite in the core. 
 Surface nucleated cracks were verified in all conditions, and differences in inclusion populations 
were deemed to be of secondary importance. Scanning-electron microscopy (SEM) revealed transgranular 
failure of the martensitic case microstructure in 1045 and intergranular failure at prior austenite grain 
boundaries in the 10V45 steel. This difference was attributed to different phosphorus (P) levels,  
0.006 wt pct P and 0.015 wt pct P for the 1045 and 10V45 steels, respectively. Microscopic investigation 
of the early stages of crack nucleation and small-crack growth was not possible because the nucleation 
sites on the fracture surfaces were obliterated at the end of the fully-reversed bending fatigue tests. 
 Analyses of ancillary specimens in the form of thin disks of heat treated 1045 and 10V45 steels 
showed that vanadium (V) increased the tempering resistance in for a martensitic microstructure. 
Tempering at 400 °C for times of 30 min and longer showed that softening of the 10V45 steel was 
retarded compared with 1045 steel. Transmission electron microscopy (TEM) revealed the presence of 
finer iron-carbide precipitates in tempered martensite of 10V45 steel as compared with 1045 steel, as well 
as a greater propensity for intralath carbides (10V45) rather than carbides at lath boundaries (1045).  
Near-surface specimens from fatigue-tested specimens showed complex mixtures of transition carbides 
and cementite for all conditions. Compared to the 1045 steel, the 10V45 steel exhibited a higher ratio of 
fine transition carbide precipitates to coarser cementite precipitates. The 1045 steel also exhibited more 
regions of comparatively lower dislocation density. 
 Based on observations from previous publications, it was hypothesized that the 10V45 steel 
would have exhibited endurance limits in the 550 to 600 MPa range if the P level had been 0.006 wt pct 
  iv 
(as for the 1045 steel) rather than 0.015 wt pct. The higher variability in endurance limit for the 1045 steel 
compared with the 10V45 steel is possibly related to a higher and a more-variable rate of tempering. 
Alternatively, the low variability of the 10V45 steel is related to a lower and a less-variable rate of 
tempering owing to a direct influence of V on carbide precipitation and dislocation annihilation during 
tempering. A hypothesis was provided that suggests that adding 0.1 wt pct V to 1045 steel reduces the 
propensity and/or magnitude for hardness/strength gradients, strain gradients, and localized regions of 
concentrated plastic deformation. 
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CHAPTER 1 : INTRODUCTION 
Tempering is a process which transforms high strength ferrous martensite into a tougher structure 
with reduced levels of saturation of carbon known as tempered martensite. This process is driven by the 
diffusion of carbon to dislocations, carbide precipitation and changes in the dislocation substructure of 
martensite [1]. In industry, tempering is commonly carried out using box furnaces, oil baths or salt pots 
with processing time in the order of hours. However, induction tempering is also being used in the 
industry for tempering of induction hardened components with a processing time typically on the order of 
seconds or minutes. 
 Induction tempering has reduced processing costs compared to furnace tempering processes due 
to reduced labor, in-line processing, and less floor space requirements. The mode of heat transfer into the 
steel part is different for both these heat-treat processes. In furnace tempering the mode of heat transfer is 
predominantly conduction whereas in induction tempering, due to complex electromagnetic phenomenon, 
heat is generated within the part during tempering. Although induction tempering is being adopted in 
industry, not much research has been carried out to understand the effects of short time induction 
tempering on fatigue performance, microstructure, and residual stresses. 
Two grades of medium-carbon bar steels were recommended for this study: 1045 and 10V45. 
These steels are typically used for drive-train components in automobiles in the induction hardened and 
tempered condition. In the present study, stress concentrators were designed to induce surface nucleated 
failures during bending fatigue testing. Systematic evaluation of fracture surfaces was performed through 
scanning electron microscopy (SEM). Transmission electron microscopy (TEM) was used to study the 
carbides precipitated during the different tempering processes. Residual stresses were analyzed through  
X-ray diffraction (XRD). The goal of this work is to build on previous induction tempering and fatigue 
projects at the ASPPRC [2–5], provide insights on the influence of the induction tempering process on 
mechanical properties and microstructure in comparison to that of a furnace tempering process. 
1.1 Research Objectives 
The primary research objectives of this study include: 
1. Evaluate the effect of changes in time and temperature of the furnace and induction 
tempering processes on the endurance limit. 
2. Study the different modes of fracture and correlate the features with differences in fatigue 
performance. 
3. Compare the residual stress profiles of the different heat-treat conditions. 
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4. Analyze the different types of carbides precipitated during the furnace and induction 
tempering processes. 
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CHAPTER 2 : BACKGROUND 
In this chapter, a review of the topics found in the literature that are relevant to this research are 
discussed. These topics include: fundamentals of induction processing; phase transformations associated 
with tempering of ferrous martensite; fatigue in steels; influence of stress concentrators on fatigue life; 
and residual stresses in heat treated components. 
2.1 Overview of Induction Processing 
Induction heating provides a method to precisely heat-treat electrically conductive materials. 
There is no contact between the material to be heat treated and the power source. Induction heat treatment 
is a versatile cost effective process, which can be customized to the geometry of a specific part and 
desired mechanical properties. The short heating period aids in austenite grain size control, resulting in 
superior mechanical properties of the hardened component. A higher surface hardness known as 
‘superhardness’ is observed in induction hardened steels in comparison to furnace hardened steels [6]. 
There is minimal distortion and decarburization as a result of the short time between heating and 
quenching associated with the process. Induction processing is ideal for axisymmetric parts, however 
complex parts can also be heat treated. 
 The chemical composition changes associated with the other case hardening operations such as 
carburizing or nitriding, are absent in induction hardening process. Induction hardening relies primarily 
on the phase transformation resulting in the formations of a hard martensitic wear resistant layer. The 
compressive residual stresses in the hardened layer impede nucleation and propagation of fatigue cracks, 
thereby improving the fatigue performance of the heat treated component.  
2.1.1 Fundamental Principles of Induction Processing 
During induction processing, the heating of the part takes place through electromagnetic 
induction. When an alternating voltage is applied to an induction coil, an alternating current is produced 
in the coil circuit. This alternating current results in a time-variable magnetic field with the same 
frequency as the coil current. This magnetic field induces eddy currents in the sample that is placed within 
the coil [7]. The heat generated within the part due to eddy currents is given by Joule heating effect, 
which is shown by the following expression 
RIH 2  (2.1) 
where H is the heat generated (in joules) , I is the current induced in the heat treated component (in 
amperes) and R is the resistance of the component (in ohms).  
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Skin effect causes concentration of eddy currents to be more intense at the surface than at the 
center of the heat treated component [8]. The ‘skin depth’ or the ‘reference depth’ is defined by the 
effective number of layers that carry eddy current from the surface of the component subjected to 
induction hardening. Due to the circumferential nature of the induced eddy currents, they are absent at the 
center of the component [9]. The reference depth is a function of the frequency of the applied alternating 
current f (Hz), electrical resistivity of the heat treated component ρ (Ω-cm), and the magnetic permeability 






  (2.2) 
Hysteresis losses also contribute to the heat generated at lower frequencies, approximately less 
than 60-70 kHz [11]. Heat is generated by the rapid change in the magnetic field caused by alternating 
current in the induction coil. The domains of the ferromagnetic material change rapidly corresponding to 
the change in magnetic field, resulting in the formation of a hysteresis loop. The area under the hysteresis 
curve shrinks with an increase in the frequency of alternating current resulting in increased heating due to 
Eddy currents. The ability of a material to conduct electricity is given by electrical conductivity σ  
(Ω-cm
-1
). The reciprocal of electrical conductivity is the electrical resistivity ρ of a material. Electrical 
resistivity of a material depends on temperature, chemical composition, microstructure, and grain size. 
The ability of a material to conduct magnetic flux is given by the magnetic permeability of the material, µ 
[9]. The permeability of a material is influenced by the magnetic flux density B and magnetic field 
intensity H, as shown in Equation 2.3. 
H
B
  (2.3) 
The temperature at which a ferromagnetic material becomes non-magnetic is known as the Curie 
temperature (Tc). The value of Tc for low and medium carbon steels is 770 °C (1420 °F) and follows the 
A3 line for higher carbon steels as shown in Figure 2.1 [8]. During induction processing, heating occurs 
due to eddy current and hysteresis losses. However beyond the Curie temperature, the contribution due to 
hysteresis losses becomes negligible in ferromagnetic materials. During a typical induction heating cycle, 
initially the temperature increases due to an increase in the electrical resistivity of the metal with increase 
in temperature. However the relative magnetic permeability (µr) of the material decreases with increase in 
temperature as shown in Figure 2.2. The value of µr tends to reach unity (µr =1) as the Curie temperature 
is reached. Beyond the Curie temperature, the penetration depth continues to increase due to increase in 
electrical resistivity [8, 9]. However, the rate of increase in temperature would be lesser than in the 
transition region. This phenomenon is shown in Figure 2.3. 
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Figure 2.1 Schematic representation of Curie temperature of plain carbon steels. 
 
Figure 2.2 Variation of magnetic permeability as a function of temperature during induction heating 
[9]. 
 
Figure 2.3 Variation of reference depth as a function of temperature for magnetic materials during 
induction heating [9].  
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2.1.2 Overview of Induction Hardening 
Induction heating is one of the most versatile methods to heat treat steel. During induction 
hardening, a water cooled copper coil is used to heat the part inductively and the part to be heat treated is 
rotated to provide uniform heating. During induction processing a complex heat transfer phenomenon 
occurs. When the heat is generated by the part, heat transfer through conduction takes place from the case 
to core. Heat loss to the atmosphere takes place though convection and radiation. Induction hardening can 
be carried out using a single-turn scanning induction coil or a multi-turn stationary induction coil, 
depending on the hardened depth required, power supply, and the geometry of the heat treated part. The 
versatility of this process is represented in Figure 2.4 which shows the different heating patterns produced 
by a wide range of induction coil designs. In commercial induction heating, magnetic flux concentrators 
are used to intensify the magnetic field at certain locations along the heat treated component. Flux 
concentrators improve the efficiency of the process by reducing the coupling distance between the coil 
and the heat treated component [9]. The flux concentrator channels the magnetic flux to the area of the 
inductor facing the heat treated component, thereby increasing the current density. Typically a scanning 
induction coil has an integrated quench ring and a stationary coil has a separate quench setup to quench 
the part after heating for the required amount of time. There is a separate water jacket for cooling the 
inductor coil. At no point during the process do the cooling water and the quenchant come in contact with 
each other.  
 
Figure 2.4 Schematic illustration of magnetic fields and induced currents for various types of 
induction coils [6]. 
 
The severity of quench can be controlled by adding polymer based additives to the quenchant. 
With the increase in the concentration of the additives in the quenchant, the severity of the quench 
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decreases. The severity of the quench has to be controlled to avoid quench cracks formed during the 
hardening process. Figure 2.5 shows different inductor and quench designs with a scanning induction coil. 
The quench design depends on the geometry of the part and the desired hardened depth. While hardening 
parts with varying diameter or thicker sections a quench follower is used to ensure adequate quenching, 
henceforth avoiding loss of hardness due to temper back effect [9].  
 
(a)            (b) (c) 
Figure 2.5 Schematic diagram of different inductor and quench designs for a single-turn coil 
representing (a) integrated quench (b) separate quench (c) integrated quench with a 
quench follower [9]. 
2.1.3 Rapid Austenitization during Induction Hardening 
The faster production rates associated with induction hardening are attributed to the rapid 
austenitization occurring during the process. During induction hardening of ferrous alloys, there is a shift 
in the critical transformation temperatures (Ac1 and Ac3) [12]. Figure 2.6 shows the shift in Ac3 
temperatures during induction hardening of medium carbon steels. During the heating phase of the 
induction hardening process, there is an increase in the driving force for formation of austenite and 
diffusion of solute atoms. During the quenching phase of the process the driving force for formation of 
martensite, bainite or pearlite increases. Once the temperature reaches Ac1, formation of austenite occurs. 
Austenite nuclei are formed at the interfaces of pearlite colonies or coarser cementite lamellae. With an 
increase in temperature, growth of austenite nuclei takes place. Thus pearlite colonies and smaller 
austenite nuclei are consumed during the growth of coarser austenite nuclei. Upon quenching, martensite 
with a high hardness is formed due to the refinement of austenite grains and smaller martensite packet 
sizes [6]. The mechanism of nucleation of austenite in 10V45 steels is shown in Figure 2.7. Austenite 
nuclei are formed at pearlite colony interfaces or individual cementite lamellae. 
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Figure 2.6 Plot showing the shift in critical temperature (Ac3) during induction hardening of SAE 
1042 steels [6]. 
 
(a) (b) 
Figure 2.7 Schematic representation of formation of austenite from (a) pearlite colonies and 
 (b) cementite lamellae. A1, A2 and A3 represent austenite nuclei with different 
orientations.[6]. 
 
The rate of austenitization depends on a number of factors: initial microstructure, composition, 
heating rate, nucleation and growth rate of austenite, and temperature at which austenite starts to form. A 
recent study suggests that there is an exponential increase in the rate of austenitization with the increase in 
heating rate during induction hardening [12]. This is schematically shown in Figure 2.8. A previous study 
at ASPPRC [13], showed that tempered martensite microstructures had a better response to induction 
processing in comparison with ferrite-pearlite microstructures. Due to the shorter diffusion distances with 
finely dispersed carbides, tempered martensitic microstructures require shorter austenitizing time than 
ferrite-pearlite microstructure. The coarser cementite particles take a longer time to dissolve resulting in 
the formation of ghost pearlite in the hardened case [6]. 
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Figure 2.8 Schematic diagram of the time required to obtain 99 pct austenite during induction 
heating [12]. 
2.2 Tempering of Ferrous Martensite 
The structure of as-quenched martensite is metastable. This instability is attributed to 
supersaturation of carbon atoms, high strain energy associated with the dislocation and twins, and 
interfacial energy of the lath and plate boundaries [14]. Therefore there is a driving force to achieve 
equilibrium conditions during tempering. Tempering is the process of heating steels with a martensitic 
microstructure to temperatures below the austenitizing temperature in order to reduce the supersaturation 
of carbon in untempered martensite. This process involves segregation of carbon atoms to lattice defects 
and precipitation of carbides, decomposition of retained austenite, and recovery and recrystallization of 
martensite [15]. Zener disordering takes place as the interstitial carbon atoms move away from the 
octahedral sites of ferrous martensites during tempering. Auto-tempering occurs in steels with Ms 
temperatures above ambient temperatures, as the carbon atoms are able to migrate to the nucleation sites 
such as dislocations and lath boundaries, during quenching [14]. During tempering clustering of carbon 
atoms at dislocation sites occurs below 100 °C (212 °F). Fine transition carbides are precipitated at 100-
250 °C (212-482 °F), which could be either be ε (Fe2.3C, hexagonal) or η (Fe2C, orthorhombic). In the 
second and third stages of tempering, transformation of retained austenite to ferrite and cementite 
accompanied by formation of lath like cementite takes place at 260-370 °C (500-700 °F) [14]. This 
phenomenon is associated with tempered martensite embrittlement (TME). Segregation of impurity and 
alloying elements leads to temper embrittlement at 350-550 °C (662-1022 °F). At higher temperatures 
recovery and coarsening of the martensite lath structure takes place. Formation of alloy carbides also 
occurs at 500-700 °C (932-1292 °F) leading to secondary hardening in steels with alloying elements such 
as Ti, Mo, V and, W [15]. Tempering can be carried out at a wide range of temperatures depending on the 
desired mechanical properties. Low temperature tempering (LTT) is carried out for better wear resistance 
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and fatigue performance while high temperature tempering (HTT) is carried out for improved toughness. 
The stages of tempering in iron-carbon martensites are shown in Figure 2.9. The influence of tempering 
temperature and carbon content on mode of fracture is represented in Figure 2.10. 
 
Figure 2.9 Overview of the tempering process in iron-carbon martensites. Plot reproduced from 
Speich et al.[15]. 
 
Figure 2.10 Schematic showing the various types of fracture modes as a function of tempering 
temperature and carbon content [14]. 
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2.2.1 Tempered Martensite Embrittlement 
Tempered martensite embrittlement (TME) is a condition associated with lowered toughness in 
steels tempered between 230-370 °C (446-698 °F). This phenomenon is caused by the precipitation of 
film-like carbides at the grain boundaries and sub-grain boundaries [15]. This phenomenon is also 
influenced by the morphology of the carbides present during the precipitation of cementite. Silicon retards 
the precipitation of carbon by encapsulating the growing carbide particle and inhibiting the diffusion of 
carbon atoms [16]. TME is also greatly influenced by the chemical composition of steel. Steels with lower 
carbon tend to have better toughness than steels with higher carbon content on tempering in the TME 
range. Phosphorus also increases the tendency towards intergranular fracture, thereby reducing the 
toughness of steels tempered in the TME range [14].The transgranular mode of fracture is attributed to the 
mechanical instability caused by the transformation of interlath retained austenite to carbides and 
precipitation of coarse intralath cementite during the third stage of tempering. Precipitation of carbides on 
the prior austenite grain boundaries which are already weakened by the segregation of impurities leads to 
intergranular mode of failure due to TME. Williamson et al. [17], quantitatively showed the 
decomposition of retained austenite during tempering. The results showed that at tempering temperatures 
below 200 °C (392 °F) the volume fraction of retained austenite is comparable to that of as-quenched 
martensite. However, at temperatures between 200 °C (392 °F) and 300 °C (572 ° F), decomposition of 
retained austenite takes place along with the precipitation of cementite. This is phenomenon is 






Figure 2.11 (a) Decomposition of retained austenite (left, solid lines) and precipitation of cementite 
(right dashed lines) as a function of tempering temperature (b) Mössbauer spectra 
showing cementite precipitation as a function of tempering temperature (M-Martensite, 
A-Retained austenite, C-Cementite) [17].  
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2.2.2 Tempering Parameter 
Tempering of martensite is a diffusion controlled process and the tempering parameter gives the 
time-temperature equivalence associated with the process. The tempering parameter was first developed 
by Holloman and Jaffe in 1945 and later expanded upon by Grange and Baughman. The tempering 
parameter is represented in Equation 2.4 [18], 
])[log( CtTH   (2.4) 
where H is predicted hardness after tempering at temperature (T), in degrees Rankine (1.8 times 
degrees Kelvin) for time t, in seconds, and value of C is 14.44 for a Grange and Baughman type 
tempering parameter. This parameter can be used for a furnace tempering process. However, for non-
isothermal tempering processes such as induction tempering a time averaged effective tempering 
parameter is required. A mathematical model of time-averaged effective tempering parameter was 
proposed by Semiatin et al. [19]. The non-isothermal cooling curve of the induction tempering process is 
divided into a number of small segments, each segment with a peak tempering temperature of Ti and 
tempering time of Δti as shown in Figure 2.12a. The tempering time (Δti
*
) for each segment of the non-
isothermal cooling curve is determined by normalizing tempering parameter obtained from each 
individual segment by the peak tempering temperature (T
*
).The summation of tempering time of each 
segment gives the effective tempering time (ƩΔti
*
), which is used to determine the effective tempering 
parameter. This is shown in Figure 2.12b. The empirical calculations for determining the effective 
tempering parameter are shown in Equations 2.5-2.8. 
 
 
                  (a)                                   (b) 
Figure 2.12 Time and temperature equivalence for (a) induction tempering and (b) furnace tempering 
through effective tempering parameter. 
 





















            (2.6) 
**





    tCTParameterTemperingEffective              (2.8) 
 
The tempering parameter can be used to predict the surface hardness of ferrous martensite upon 
tempering. The decrease in hardness as a function of tempering parameter is shown in Figure 2.13. The 
hardness of different types of plain carbon steels obtained after induction tempering, is represented as a 
function of Grange-Baughman type tempering parameter. The hardness values decrease with an increase 
in tempering temperature and/or tempering time. The Grange-Baughman type tempering parameter can be 
used for isothermal heat-treat processes. However, the effective tempering parameter postulated by 
Semiatin [19], needs to be used for non-isothermal tempering processes. There is sufficient evidence, to 
show that tempering parameter can be used to predict the tempering response of a variety of steels using 
suitable values of C [2, 19].  
 
Figure 2.13 Plot showing the variation of hardness of induction tempered steels as a function of 
Grange-Baughman tempering parameter [19]. 
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2.2.3 Refinement of Cementite during Induction Tempering 
The rate of heating has a pronounced effect on the kinetics of precipitation of cementite and this 
phenomenon is shown in Figure 2.14a. Cementite begins to preferentially precipitate at the lath or plate 
boundaries at a relatively low temperature during the heating process irrespective of the heating rate. 
Figure 2.14b shows that upon slow heating, cementite, which begins to precipitate at the lath boundaries, 
continues to grow by absorbing carbon from supersaturated solid solution until the carbon content in the 
matrix reaches an equilibrium value. As a result, large size cementite particles are distributed mostly at 
lath boundaries. Conversely, in the case of rapid heating, the reduction of the dislocation density by 
structure recovery is less compared with that for the slow heating at the same temperature, and the carbon 
content in the matrix does not reach an equilibrium value before it reaches the high temperature. 
Consequently, cementite begins to precipitate at the dislocations within the laths, which act as nucleation 
sites. This cementite precipitation within the laths at relatively high temperatures leads to the uniform 
dispersion of fine cementite particles due to the increase in the number of sites for precipitation of 





Figure 2.14 (a) Plot showing cementite particle size as a function of heating rate (b) Mechanism of 
uniform dispersion of fine cementite during induction tempering [20]. 
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2.3 Fatigue 
American Society of Testing and Materials (ASTM) defines fatigue damage as the process of 
progressive localized permanent structural change occurring in a material that is subjected to conditions 
that produce fluctuating stresses that may culminate into cracks or a complete fracture after a sufficient 
number of stress reversals [21]. Care must be taken while designing load bearing components to account 
for effects of fatigue on material strength. According to Dieter [22], fatigue accounts for at least  
90 percent of all mechanical service failures. Because of the importance of fatigue in component design, 
understanding the underlying mechanisms of fatigue is vital to improve the fatigue performance of the 
component. 
2.3.1 Micromechanisms of Fatigue 
Fatigue failures are of an insidious nature because they typically occur at stress levels much lower 
than the predicted yield stress of a material. Since there is very little plasticity associated with the failures, 
the imminent failures become unpredictable. The various stages of fatigue damage include crack 
nucleation, crack propagation along the plane of maximum tensile stress and final fracture. Stress 
intensity factor (ΔK) shown in Equation 2.9, is an important parameter used to understand the fatigue 
crack growth behavior [22].  
aaKKK 
minmaxminmax
       (2.9) 
where σmax and σmin are the maximum and minimum applied stress in MPa and a is the crack length in mm. 
Figure 2.15a shows the various stages of fatigue crack growth. There is a threshold stress intensity (ΔKth) 
below which there is no crack propagation or growth. During the second stage, crack propagation occurs 
perpendicular to the direction of maximum tensile stress [22]. The final stage involves unstable crack 
growth leading to fracture of the specimen. Even in the absence of stress concentrators and inclusions, 
when the alternating stress is high enough, surface features called extrusions (areas where material is 
pushed out of the surface) and intrusions (areas where material is pushed into the surface) are formed. The 
features were referred to as “persistant slip bands” (PSB) in 1956 by Thompson et al.[23], result in the 
formation of intrusions and extrusions at the surface. Dislocations of a slip step equivalent to a burgers 
vector emerge during both half cycles of loading. This leads to roughening of the surface forming 
localized stress concentrators on the surface. The slip band intrusions act as a potential site for crack 
nucleation during fatigue loading. A schematic representation of this phenomenon is shown in  
Figure 2.15b. Furthermore cyclic loading leads to cyclic hardening or softening of the material depending 
on the initial dislocation density. This results in the formations of dislocation substructures in the material 
[24]. 




Figure 2.15 (a) Schematic representation of fatigue crack growth behavior [22]. (b) Schematic 
showing formation of intrusions, extrusions during fatigue loading [25]. 
2.3.2 Factors Influencing Fatigue Properties 
Fatigue properties of a material can be influenced by a number of factors such as surface 
condition, microstructure, material hardness, residual stress profiles, presence of inclusions, etc. Fatigue 
properties can be correlated with mechanical properties such as data from tensile tests [22]. Figure 2.16 
shows the variation of endurance limit as a function of ultimate tensile strength for steel in various surface 
conditions and environments [24]. An approximate value of the ratio of ultimate tensile strength of the 
material to the endurance limit is 2 for wrought steel alloys [22, 24]. The effect of stress concentrators and 
environmental conditions on the endurance limit is also shown in Figure 2.16. It has been well established 
that surface irregularities act as nucleation sites for the formation of PSB zones. Therefore a good surface 
finish improves the fatigue performance of the component. The effect of material hardness on the 
endurance limit of alloy steels is shown in Figure 2.17. An increase in material strength leads to better 
fatigue performance. Increase in flow stress of the material results in an increase in stress amplitude 
required to initiate persistent slip bands (PSB) zones, henceforth inhibiting fatigue crack initiation.  
The presence of inclusions leads to non uniform stress distribution in the loaded component, 
increasing the chances of crack nucleation at the site of the inclusions. The mechanical properties of a 
material are greatly influenced by the nature, size, deformability of the inclusion and the properties at the 
metal-inclusion interface [4]. The presence of deformable inclusions like sulphides is less deleterious to 
fatigue performance than the presence of non-deformable inclusions like oxides. 
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Figure 2.17 Fatigue strength of alloy steels as a function of material hardness [26]. 
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The other metallurgical factors that affect the fatigue properties include chemical composition, 
grain size of the case and core, and prior austenite grain (PAG) size [27]. Phosphorus (P) has a 
detrimental effect on the endurance limit of heat treated steels. Phosphorus (P) has a tendency to 
preferentially segregate to grain boundaries during austenitization and stabilize cementite [28]. This 
results in intergranular fracture along the PAG boundaries. The mode of fracture in martensite tempered 
at low temperatures depends on the relative amounts of P and carbon (C). This is represented in  
Figure 2.18, which shows that an increase in the levels of P and/or C results in an intergranular mode of 
fracture. It was observed that the endurance limit in bending fatigue mode reduced with an increase in 
bulk P content Figure 2.19a. Sulphur (S).on the other hand, results in an increase in the formation of MnS 
inclusions which affect the fatigue properties [29]. This phenomenon is shown in Figure 2.19b. These 
studies were carried out on carburized steels; however similar behavior is expected in induction hardened 
steels as well. The shorter heating times associated with the induction hardening process results in finer 
austenite grain sizes. This translates into finer martensite packet sizes upon quenching. Endurance limits 
have shown to have a Hall-Petch type relationship with PAG size [29]. In carburized steels, finer PAG 
size led to a change in the mode of fracture from intergranular to transgranular, thereby resulting in an 
increase in endurance limit in bending fatigue testing [30]. 
 
Figure 2.18 Variation in fracture mode of tempered martensite depending on C and P contents [31]. 
  
(a) (b) 
Figure 2.19 Plots showing the effect of (a) P and (b) S on the endurance limit of carburized steel. 
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2.3.3 Stress Concentrators and Fatigue Performance 
Stress concentrators significantly reduce the fatigue strength due to an increase in effective 
applied stress at the location of the stress concentrator. Due to the presence of a preexisting flaw, the 
threshold stress intensity factor (ΔKth) is reduced and the onset of crack propagation takes place much 
earlier in comparison to specimens without a stress concentrator. The severity of the stress concentrator is 
defined by the theoretical stress concentration factor (Kt). Kt is the ratio of the maximum stress to the 
nominal stress applied [22]. Figure 2.20 shows the influence of a stress concentrator on a round bar 
subjected to fully reversed bending. Under higher nominal stresses, a considerable fraction of material is 
subjected to overload fracture. The number of crack nucleation sites also increases with the increase in 
severity of the notch. At lower nominal stresses longer crack propagation with smaller regions due to 
overload failure are observed. Un-notched samples and notches with lesser severity have fewer crack 
nucleation sites. Due to the change in degree of triaxiality, a change in the orientation of the beach marks 






Figure 2.20 Schematic representation of a round bar subjected to fully reversed bending fatigue load 
under (a) high nominal stress (b) low nominal stress [32]. 
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Due to the presence of stress concentrators, there is a reduction in the cross-sectional area of the 
stressed member resulting in a stress gradient. The gradient in stresses results in formation of tri-axial 
stress states at the root of the notch. During cyclic fatigue loading, localized plasticity at the root of the 
notch leads to nucleation of cracks. The propagation of this crack depends on the local stress-strain fields 
of the notch [24]. Once the crack reaches a critical length, the geometry of the notch has little influence 
on the local stress strain field of the crack. For cracks nucleating from a blunt notch the fatigue behavior 
is dominated by crack nucleation. Often cracks arise from a sharp notch due to higher local stress imposed 
by the notch. The fatigue behavior in such cases is dominated by the crack growth since crack nucleation 
is a minor phase in the fatigue cycle [24].  
2.3.4 Residual Stress in Heat Treated Components 
Residual stresses are effective static tri-axial stresses that are in a state of equilibrium without the 
action of external forces and/or moments [33]. Residual stresses develop in engineering components in a 
number of ways: plastic deformation as a result of machining, thermal expansion or contraction; volume 
changes due to phase transformations and chemical reactions [34]. Residual stresses can be beneficial or 
detrimental to the performance of the component depending on the type of residual stresses formed on the 
surface of the component. Tensile residual stresses at the surface are generally detrimental to the fatigue 
performance. Surface hardening heat treatments produce favorable compressive residual stress at the 
surface and tensile residual stresses towards the core. This is due to the volume differences between 
martensite formed at the surface and non-martensitic transformation products formed at the core. The 
presence of compressive residual stresses reduces the magnitude of the applied tensile stress at the 
surface. This leads to delayed crack nucleation and better fatigue performance. Figure 2.21a shows 
applied stress profile in the absence of any residual stresses. Figure 2.21b shows the residual stress profile 
comparable to the residual stress profile developed by induction hardening. Figure 2.22c shows the 
decrease in magnitude of applied tensile stresses during bending due to the superposition of compressive 
residual stresses. During fatigue testing, relaxation of residual stresses occurs at higher stress amplitudes. 
This phenomenon is called fading of residual stresses [22]. The influence of residual stresses is more 
pronounced at lower stress amplitudes, closer to the fatigue limit. Figure 2.22 represents the decrease in 
the magnitude of surface residual stresses with an increase in tempering temperature in a variety of steels. 
The relaxation of residual stresses is much more pronounced in high carbon steels in comparison to 
medium and low carbon steels. This effect is due to the auto-tempering effect which is evident in lower 
carbon steels with higher Ms temperatures [35]. According to Hofmann et al. [36], decreases in mean 
strains and micro residual stresses occur during tempering of quenched steels by the annihilation of 
dislocations  and rearrangement of the dislocation sub-structure. 
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Figure 2.21 Schematic representation of (a) applied stress profile in the absence of  residual stresses 
(b) residual stress profile developed after induction hardening (c) superposition of applied 
stress on the compressive residual stresses [22]. 
 
 
Figure 2.22 Plot showing surface residual stress as a function of tempering temperature for various 
steel alloys [35]. 
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CHAPTER 3 : EXPERIMENTAL PROCEDURE 
This chapter outlines the experimental design, experimental materials, heat treatment prior to 
fatigue testing, simulation of induction tempering, mechanical testing, and characterization after heat 
treatment. 
3.1 Experimental Design 
A systematic approach to understand the effects of induction and furnace tempering processes on 
the fatigue performance of induction hardened bar steel was carried out. Two steel alloys were chosen for 
the study: 1045 and 10V45. Heat treatments were designed to obtain comparable hardened depths and 
surface hardnesses in both the steel alloys under investigation. An effective tempering parameter from 
Semiatin’s work [37] was used to predict process conditions leading to comparable surface hardness from 
furnace and induction tempering processes. The fatigue specimen geometry from Nissan’s work [4] was 
adapted for this study. A stress concentrator in the form of a circumferential notch was machined at the 
location of maximum stress after heat treatment. The presence of the stress concentrator resulted in 
surface nucleated failures during fatigue testing. The surface nucleated failures aided in understanding the 
fracture behavior in the case region with a tempered martensitic microstructure. 
A stress-life analysis was carried out on the heat treated samples of both the alloys through  
load-controlled, fully reversed cantilever bending fatigue testing. Light microscopy (LM) and scanning 
electron microscopy (SEM) were used to characterize the microstructures from the various heat-treat 
conditions. Effective hardened depths were determined through microhardness traverses on samples from 
all the heat treat conditions. Residual stress analyses were performed on samples without stress 
concentrators, in the as-heat treated condition through x-ray diffraction (XRD). Fractography was 
performed along the neutral axis of select samples using SEM. The carbides precipitated during 
tempering were studied through transmission electron microscopy (TEM) analysis of thin foils prepared 
from samples subjected to fatigue testing. A study to characterize the stress concentrator was carried out 
using LM, SEM, and microhardness traverses. 
3.2 Experimental Materials 
Two steel alloys were selected for this study: 1045 and 10V45. The 1045 steel alloy was provided 
by The Timken Company. The steel alloy was bottom poured and ingot cast at the Timken facility in 
Faircrest, OH and subsequently the ingots were rolled to 31.75 mm (1.25 in) diameter bar at the Harrison 
steel plant. The 10V45 microalloyed steel was provided by Gerdau. This steel alloy was continuously cast 
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at the Gerdau facility in Monroe, MI. Both the steel alloys were manufactured from 100 pct steel scrap. 
Deoxidation was performed using aluminum (Al) and silicon (Si) in the 1045 and 10V45 alloys, 
respectively. The major difference in chemical composition of the two alloys was observed in the 
following elements: vanadium (V), phosphorus (P), and Al. The chemical composition of both the alloys 
is shown in Table 3.1. 
Table 3.1 – Steel Composition of 1045 and 10V45 Steel Alloys, wt pct 
Alloy C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu 
1045 0.448 0.748 0.25 0.11 0.10 0.06 - - 0.01 0.035 0.0088 0.017 0.006 0.21 
10V45 0.447 0.824 0.28 0.10 0.16 0.05 - - 0.10 0.002 0.0086 0.030 0.015 0.17 
 
3.2.1 Alloy Processing 
The 1045 steel alloy was subjected to a normalizing (N) heat treatment prior to induction 
processing, whereas the 10V45 steel alloy was used in the as-hot rolled (HR) condition. The normalizing 
heat treatment was carried out to improve the induction hardening response of 1045 steel alloy. This 
processing was done prior to machining of the fatigue samples. This heat treatment was performed at 
Metal Treatment and Research in Denver, CO. Table 3.2 summarizes the processing conditions and 
surface hardnesses achieved after the preliminary heat treatment in both the alloys. 







850°C for 1 hour, air cooled 
92.5 ± 1 
HRB 
10V45 As-hot rolled (HR) 
22 ± 0.6 
HRC 
 
3.3  Sample Geometry 
The sample geometry used in Nissan’s work [4] at ASPPRC was used for this study. The region 
subjected to greater than and 95 pct of the maximum stress spanned 29.5 mm (1.16 in) [4]. A localized 
stress concentrator in the form of a circumferential notch, was designed and machined at the region 
subjected to 95 pct of the maximum stress. The theoretical stress concentration factor (Kt) of the stress 
concentrator was 2.45. The stress concentrator was machined after completion of all the heat treatments. 
The dimensions of the highly localized notch and the geometry of the fatigue sample are shown in  
Figure 3.1. 
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Figure 3.1 Fatigue test specimen showing the geometry of the notch, all dimensions in mm. 
3.4 Induction Hardening 
Induction processing of all the samples was carried out at Ajax Tocco Magnothermic, 
 Madison Heights, MI. Induction hardening was performed using a single-turn scanning induction coil 
with an integrated quench. The induction coil had an internal diameter of 25.4 mm (1 in) and a face width 
of 6.35 mm (0.25 in). Figure 3.2 and Figure 3.3 show the induction coil used for hardening operation. The 
coupling distance between the sample and the induction coil varied from 5.2 mm (0.205 in) to 1.7 mm 
(0.067 in) during the hardening process. Induction hardening was carried out using a 70.4 kW power 
supply with a frequency of 17.7 kHz. A quenchant of 6 pct polymer dissolved in water was used in order 
to avoid quench cracks. The quenchant was maintained at a temperature of 29.4-32.2 °C (85 – 90 °F). The 
quench flow rate was 9 GPM (gallons per minute). During induction hardening, the scan speeds and the 
power levels were varied to accommodate for the continuously changing coupling distance between the 
inductor and the sample. Figure 3.4 and Table 3.3 briefly summarize the processing parameters used for 
induction hardening. The complete recipe for induction hardening is provided in Appendix A. 
 
Figure 3.2 Top view of the single-turn induction hardening coil used for induction hardening (color 
image; refer to pdf thesis file). 
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(a) (b) 
Figure 3.3 (a) Bottom view of single-turn induction hardening coil with an integrated quench ring 
used for hardening (b) Scanning induction hardening process of the fatigue sample 
showing heating of the surface by the induction coil and subsequent quenching (color 
image; refer to pdf thesis file).  
 
Figure 3.4 Zones representing the differences in processing parameters during induction hardening 
(refer to Table 3.3), all dimensions in mm. 
Table 3.3 – Summary of the Processing Parameters used in Different Zones during Induction Hardening   





A 26.05 21.6 0.85 
B 26.05 24.4 0.96 
C 26.05 21.6 0.85 
D 21.12 22.9 0.9 
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3.5 Tempering 
Tempering was of critical importance in the experimental design, since achieving comparable 
surface hardness through furnace tempering and two variations of induction tempering was imperative for 
achieving the goals of this work. The target surface hardness after tempering was set as 55 HRC. 
Therefore after induction hardening, one third of the samples were furnace tempered and the other  
two thirds of the samples were subjected to induction tempering at two different processing conditions 
using a single shot induction coil. All the tempering heat treatments were carried out within 2 hr after 
induction hardening to avoid cracking of as-quenched martensitic bars due to isothermal transformation 
of retained austenite to martensite. 
3.5.1 Design of Coil for Induction Tempering and Data Acquisition 
The coil for induction tempering was designed to obtain uniform heating along the full hardened 
length of the sample. This was done to avoid the presence of untempered martensite along the hardened 
length. The single-shot induction tempering coil was designed to optimize the density of magnetic flux 
lines, so that there was reasonably uniform heating along the length of the sample. This coil is shown in 
Figure 3.5. The uniform heating along the hardened length of the sample was achieved by adjusting the 
spacing between the coils to accommodate for the hour-glass shaped geometry of the sample. Heating 
along the length of the sample was observed using ThermoVision® A40M thermal imaging camera from 
FLIR systems. This allowed for real-time viewing of the heating profile and the coil spacing was adjusted 
accordingly. The induction tempering coil has an internal diameter of 77.2 mm (3 in), length of  
273.1 mm (10.8 in) and induction tube diameter of 6.4 mm (0.3in). The coupling distance between the 
sample and the coil varied from 27.2 mm (1.07 in) to 30.6 mm (1.2 in). This type of decoupled induction 
coil was used to reduce the efficiency of the power supply, and therefore overheating of the surface could 
be avoided. Figure 3.6 represents a cross-sectional view of the induction coil. 
 
Figure 3.5 Induction coil used for tempering, scale in inches (color image; refer to PDF thesis file). 
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Figure 3.6 Schematic representation showing the cross-sectional view of induction tempering coil 
with spacing. 
In order to calculate the effective tempering parameter for induction tempering, temperature data 
as a function tempering time were to be obtained at the surface. The surface temperature data during 
induction tempering were obtained by attaching six K-type thermocouples onto the surface of the sample 
at different locations along the hardened length. This setup is shown in Figure 3.7. The thermocouples 
were attached by mechanically peening the leads of the thermocouples into the small indentations made at 
specific locations on the sample surface. The thermocouples were connected to an eight-channel data 
acquisition device (DAQ), and the data acquisition frequency was set to 2 Hz. USB-TC data acquisition 
system from Measurement Computing
TM
 was used for this analysis. The setup used for data acquisition is 
shown in Figure 3.8. This sample was used as a calibration sample and the processing parameters were 
verified before the samples were heat treated. This sample could not be rotated since the thermocouples 
were attached to it, whereas the samples for the heat treat matrix were rotated during tempering.  
9.5 mm
Length = 273.1 mm
ID = 77.2 mm




















Figure 3.7 (a) K-type thermocouples attached to the surface of the fatigue sample along the 
hardened length. (b) Schematic representation of location of the thermocouples along the 
hardened length of the fatigue sample, all dimensions in mm (color image; refer to PDF 
thesis file). 
. 
Figure 3.8 Data acquisition setup induction coil, fatigue sample, with thermocouples, and DAQ used 
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3.5.2 Temper Curves for Experimental Alloys 
Temper curves were generated for 1045 and 10V45 steel alloys by direct hardening disks of  
12.7 mm (0.5 in) thickness. The discs were austenitized at 900 °C (1652 °F) for 30 min in an inert 
atmosphere and then quenched in water. Subsequently, tempering was carried out in a box furnace at 
different tempering temperatures for 30 min at the desired temperature. Figure 3.9 shows the hardness as 
function of tempering temperature for both the alloys. These temper curves were used to calculate a 
tempering parameter using Equation 2.4, which yielded different combinations of time and temperature 
that were used for the preliminary induction tempering experiments. Although this tempering parameter is 
not a time-averaged effective tempering parameter (i.e., heating and cooling were ignored) for induction 
tempering, it offers reasonable tempering conditions which can be used to obtain a surface hardness 
equivalent to that of furnace tempering. The isothermal hold at a desired temperature and subsequent 
quenching in water during induction tempering, aided achieving equivalent surface hardnesses in different 
tempering processes. It significantly reduced the non-isothermal cooling portion of the thermal profiles 
during induction tempering. A mean tempering parameter for achieving a surface hardness of 55 HRC 
was calculated from tempering parameters of both the alloys. This mean tempering parameter yielded a 
time and temperature combination of 4 s at 300 °C (572 °F). This processing condition would be adopted 
for the preliminary induction tempering experiments. 
 
Figure 3.9 Temper curves for both the experimental alloys. Error bars represent 95 pct confidence 
interval. 
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The preliminary induction tempering experiments were done with 1045 steel samples since the 
as-quenched surface hardness of both the alloys were comparable. During the induction tempering 
experiments, the calibration sample with thermocouples was used to obtain required temperature profiles. 
The induction processing parameters used to achieve the maximum temperature of 300 °C (572 °F) 
during the 4 s temper cycle were: 13.6 kHz frequency, 9.5 kW power, 710 V potential difference, and  
417 A current. The variation in surface temperature as a function of tempering time recorded by the data 
acquisition system is shown in Figure 3.10a. Since the intended surface hardness of 55 HRC was not 
achieved after the preliminary induction tempering experiment, the data obtained from the preliminary 
experiment (Figure 3.10b), were used to determine the desired effective tempering parameter.  
  
(a) (b) 
Figure 3.10 Plot showing (a) Surface temperature as a function of time for the 4 s induction 
tempering cycle. (b) Surface hardness as a function of effective tempering parameter for 
the 4 s induction temper cycle of 1045 alloy. 
3.5.3 Induction Tempering 
The preliminary induction tempering experiment with a 4 s temper cycle at 300 °C (662 °F) was 
carried out to predict the tempering parameter that would yield a surface hardness of 55 HRC. The 
calculated mean tempering parameter was 15074 (e.g., approximately 1.51x10
4
; and see Figure 3.10b). 
This effective tempering parameter was used to calculate the required time and temperature combination 
during induction tempering, as shown in Table 3.4. These induction tempering conditions were used to 
process the samples for the proposed test matrix. The samples were tempered with an isothermal hold at 
peak temperature and subsequently quenched in water. The induction coil with the sample and the quench 
setup are shown in Figure 3.11. Induction tempering was carried out using 35 kW/3-50 kHz power 
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supply. The calibration sample with the thermocouples (Figure 3.7) was used to finalize the processing 
parameters for obtaining suitable time-temperature profiles. The calibration sample had the same 
geometry as the fatigue sample. The orientation of the calibration sample relative to the induction coil 
was maintained constant to avoid variations in temperature.  
During the 5 s induction temper cycle, the induction process parameters were: 9.3 kW power,  
14 kHz frequency, 675 V voltage, and 409 A current. The part was rotated counter clockwise at rate of  
200 RPM. After tempering at 270 °C (518 °F) for 5 s the parts were quenched in water with a flow rate of  
7.5 GPM. The time taken to reach 270 °C was observed to be about 16 s. The part was held at that 
temperature for 5 s and then subsequently quenched in water until the part was cooled to room 
temperature. The time-temperature profile for the 5 s temper cycle is shown in Figure 3.12. The complete 
processing recipe for the 5 s induction temper cycle is provided in Appendix A. 













Induction Tempering  
Condition 1 
270 527 5 0.083 
Induction Tempering  
Condition 2 





Figure 3.11 (a) Induction temper coil along with the sample, scale in inches (b) Post induction 
tempering quench setup (color image; refer to PDF thesis file). 
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Figure 3.12 Variation of surface temperature as a function of time for 5 s induction tempering cycle. 
The 4 min induction tempering cycle was carried out at a peak temperature of 220 °C (428 °F) for 
240 s (4 min) using a 35 kW/ 3-50 kHz power source. The samples were rotated counter clockwise at  
220 RPM during tempering. The time taken for achieving peak temperature was about 14 seconds. In 
order to maintain the temperature fairly constant for a span of 4 min, the power source was pulsed. During 
pulsing, short bursts of power were supplied to increase the tempering temperature to the required level. 
The induction processing parameters used for achieving the initial peak temperature were 13.8 kHz 
frequency, 9.3 kW power, 688 V potential difference, and 405 A current. Once the peak temperature was 
reached, power was switched off until the temperature dropped to about 10 °C (50 °F) below the peak 
temperature, and then pulsing was carried out to maintain the temperature ±5 °C (41 °F) about the 
average peak temperature. The induction process parameters used for pulsing were: 8.1 kHz frequency, 
0.8 kW power, 146 V potential difference, and 45 A current. Pulsing was done eight times during the  
4 min temper cycle, which is represented in Figure 3.13. After holding the samples at 220 °C (428 °F) for 
4 min, the samples were quenched in water with a flow rate of 7.5 GPM. This was done to avoid 
continual tempering of samples. The induction tempering was designed to minimize the temperature 
difference between thermocouples 4 and 5 (Figure 3.7), since the location of maximum stress during 
cantilever bending fatigue testing lies between these two thermocouple locations. Thermocouple locations 
1 and 6 were at non-critical locations of the sample and the main purpose of those thermocouples was 
only to ensure effective tempering all throughout the hardened length of the sample. 
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Figure 3.13 Variation of surface temperature as a function of time for 4 min induction tempering 
cycle. 
3.5.4 Simulation of Induction Tempering 
The physical processes that occur during induction heating include a complex interaction of 
electromagnetic fields and heat transfer, resulting in phase transformations and an evolution of 
mechanical stresses [38]. Maxwell’s equations govern the mathematical modeling of an electromagnetic 








     (3.1) 
t

       (3.2) 




       (3.4) 
 
where E is electric field intensity, D is electric flux density, H is magnetic field intensity, B is magnetic 
flux density, J is conduction current density and ρ
charge 
is electric charge density. Electromagnetic energy 
is transferred to thermal energy mainly through eddy current heat generation and partly through hysteresis 
loss. In the current analysis, a time harmonic formulation of Maxwell equation is used. Thus hysteresis 
loss is neglected.  
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In this study, a finite element model (FEM) was used to solve Maxwell and heat transfer 
equations. ABAQUS 6.12
®
 was used for this analysis. The influence of temperature and magnetic field on 
magnetic permeability of the material needs to be appropriately incorporated in to the model for accuracy 
in analysis and results. This exercise was done as an iterative process by using an ABAQUS based eddy 
current solver and heat transfer solver. The model was generated in collaboration with the virtual product 
development (VPD) team at the Caterpillar Technical Center, Mossville, IL, using customized algorithms 
developed by Caterpillar Inc. Figure 3.14a shows the meshed pattern with 96,711 nodes and 76,503 brick 
elements for eddy current analysis. A 3-D mesh representing a 15 section of the steel bar, induction 
tempering coil and surrounding air was considered as shown in Figure 3.14b and Figure 3.14c. In order to 
properly capture the minor penetration of magnetic field close to surface of steel bar, a fine element size 
of 0.3 mm (0.012 in) was used at the surface in the direction of induced eddy currents. The size of the 
mesh gradually increases away from the surface in order to reduce the size of the model. At the periodic 
boundary, the boundary condition was set up based on the magnetic vector potential perpendicular to the 
surface. For thermal analysis, only a portion of the steel sample was modeled with 17,862 nodes and 
13,452 elements. A heat transfer coefficient inclusive of natural air cool and radiation heat transfer was 
used at surface of the sample. This model was generated with an assumption of 40 pct power efficiency 
during induction tempering. 
   
(a) (b) (c) 
Figure 3.14 a) 3-D meshed pattern of sample (b) 15° section of the sample (c) Meshed pattern of the 
sample with coil and air (color image; refer to PDF thesis file). 
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3.5.5 Furnace Tempering 
Furnace tempering was carried out to obtain a surface hardness comparable to that of induction 
tempering. The induction hardened samples were tempered for 40 min at 215 °C (419 °F) in an attempt to 
achieve a comparable surface hardness. However it was observed that the furnace tempered samples had a 
surface hardness of 1-2 HRC higher than the induction tempered samples. Therefore the samples were  
re-tempered at 215 °C (419 °F) for 9.5 hr in vacuum atmosphere, to reduce the hardness by 2 HRC. The 
same tempering temperature was chosen for the re-tempering process in order to reduce the precipitation 
of carbide phases that are different from that of the preliminary tempering process. Since tempering 
temperature has a greater influence than tempering time, as shown by the tempering parameter [19], the 
tempering temperature was maintained constant for both the furnace temper cycles. The tempering time 
was estimated from the temper curves (Figure 3.9) for both the experimental alloys.  
3.6 Mechanical Testing 
In this study, the fatigue sample geometry from Nissan’s work [4] was adapted and localized 
stress concentrators were designed to initiate the fatigue cracks in the martensitic case region. Endurance 
limits were determined using fully reversed cantilever bending fatigue testing. Microhardness traverses 
were used to determine the effective hardened depths for all the heat treat conditions. 
3.6.1 Design of Stress Concentrator 
Woodvine analysis and Peterson’s work [39] were used to predict the depth of crack nucleation 
and design the stress concentrators accordingly. Woodvine diagrams plot the effective fatigue strength 
determined by the conversion of hardness values, and the effective applied stress which is the sum of 
residual stress and the applied stress [4]. The microhardness data were converted to local endurance limits 
using the relationship derived by Nishijima [40]. 
                    
            (3.5) 
where the compound sign represents 95 pct confidence interval, σel is the local endurance limit in MPa 
and HV is the microhardness measured in Vickers scale. The Woodvine analysis for 10V45 alloy in the 
furnace tempered condition is shown in Figure 3.15a. The influence of residual stresses was not 
considered as an initial approximation for the analysis. The point of intersection of effective fatigue 
strength and applied stress shows the fatigue crack nucleation site during fatigue testing. In order to avoid 
the sub-surface initiation of fatigue cracks, stress concentrators were designed. The effective applied 
stress at the root of the stress concentrator was varied by varying the radius (r) and depth (d) of the stress 
concentrator. The higher effective applied stress will result in surface nucleation of fatigue cracks from 
the root of the stress concentrator. The geometry of the stress concentrator is shown in Figure 3.1. The 
variation of Kt with geometry of the stress concentrator is shown in Figure 3.15b. Circumferential notches 
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were designed and machined at the location of maximum stress [4] on the fatigue samples. The run-out 
samples of a 4145 alloy in as hot-rolled condition from the previous research by Nissan [4] were used for 
the preliminary trials. Circumferential notches with Kt values of 2.45, 2.72 and 2.9 were machined on the 
run-out samples. Upon testing, all the samples yielded surface nucleated failures and Kt value of 2.45 was 
selected so that 90 pct of the effective case was conserved in all the heat treated samples. 
  
            (a)           (b) 
Figure 3.15 (a) Plot showing the effect of stress concentrators on the applied stress of the 10V45 alloy 
in furnace tempered condition (b) Plot showing the variation in stress concentration factor 
as a function of notch geometry for a shaft subjected to bending [39]. 
3.6.2 Fatigue Testing 
Fatigue testing was conducted using Baldwin SF-1U load-controlled fatigue testing machines 
with a load limit of 4448 N (1000 lbf) operating at a frequency of 60 Hz. All fatigue tests were conducted 
in a fully reversed cantilever bending testing mode (R = -1). Prior to machining of the notch, all the 
fatigue samples were polished on the lathe to obtain a surface roughness (Ra) < 1µm. The polishing 
sequence on the lathe was 180 and 320 alumina; 400, 600 and 800 grit silicon carbide; and 6 µm, 3 µm 
and 1 µm diamond suspension. During polishing of samples on the lathe, care was taken so that the 
surface temperature did not exceed 40 °C (104 °F). For fatigue testing, a run-out was defined as a sample 
that survived 10
7
 cycles without failure. The endurance limit was defined as the applied stress at which 
three consecutive sample run-outs were observed after reducing the stress by 5 MPa from a stress level 
where failure was observed. The bending fatigue set-up for testing is shown in Figure 3.16. The sample 
was gripped between the moving and the fixed end. When the sample fractured, a bungee cord was used 
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  37 
Copper sleeves shown in Figure 3.16 were used to avoid fretting failure of the samples at the grips. Four 
air jets were used for cooling the surface of the sample during fatigue testing. The air pressure was 
maintained at 20 psi to ensure the temperature of the fatigue sample was maintained at room temperature. 
Non-contact type infrared (IR) thermometer was used to measure the temperature during fatigue testing. 
The temperature in the fatigue testing lab is maintained between 22 °C (71.6 °F) and 26 °C (78.8 °F). The 
humidity was maintained below 30 pct relative humidity in the fatigue testing lab. The fatigue machines 
were calibrated using uniform diameter steel bars with two uniaxial strain gauges attached to the surface. 
The data were acquired during calibration using Vishay System 6000 digital acquisition system. The 
output from the data acquisition system was used to verify R-ratio and control the applied load. The 
fatigue machines were calibrated prior to testing for each S-N curve. 
  
(a) (b) 
Figure 3.16 Bending fatigue set up for the SF-1-U: (a) front view and (b) top view with the cooling 
air jets connected (color image; refer to PDF thesis file). 
3.6.3 Microhardness Analysis 
Hardened depth analysis was performed for all the heat treat conditions after re-tempering of the 
furnace tempered samples. The analysis was carried out in the as-heat treated condition, without the 
presence of the stress concentrator. Hardness measurements were taken at the location of maximum stress 
as shown in Figure 3.17. Leco 
® 
MH220 Vickers microhardness tester was used for the analysis with a 
dwell time of 10 s and load of 500 gmf. The effective hardened depth was defined as the depth from the 
surface where a hardness of 50 HRC (513 HV) was achieved. This hardened depth was selected to be in 
line with industry standards. The pattern of hardness traverse is shown in Figure 3.18a. The step pattern of 
hardness indents was utilized to avoid the plastic deformation of indents affecting the subsequent indents. 
For statistical relevance of the hardness measurements, three hardness traverses were performed for each 
heat treat condition. This is shown in Figure 3.18b. The hardness measurement obtained from a depth of 
0.127 mm (0.005 in) was considered as surface hardness.  
 
  
  38 
 




Figure 3.18 (a) Hardness traverse pattern showing the location of indentations from the edge of a 
sample mount. (b) Optical micrograph of the cross section of a sample showing three 
hardness traverses. 
3.7 Characterization 
Microstructural characterization was carried out on the experimental alloys prior to induction 
hardening. The induction hardened samples were analyzed to ensure complete austenitization during the 
heat treatment. XRD was utilized to quantify the residual stresses after the various heat treat operations. 
Depth profiling through chemical etching was employed for XRD analysis. Thin foils were prepared from 
the broken fatigue samples to study the various carbides precipitated during different tempering heat 
treatments. A systematic fractography study of fatigue samples was carried out using the SEM to 
understand the fracture behavior in all the heat treat conditions. 
3.7.1 Microstructural Characterization 
Microstructural characterization of the as-received and normalized material was performed using 
light microscopy (LM). The heat treated microstructures were analyzed using LM and SEM. The case 
region was analyzed for the presence of ‘ghost pearlite’ or undissolved ferrite. The case-core interface and 
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samples was done at the location of maximum stress (Figure 3.17). The geometry of the stress 
concentrator was verified through LM and SEM was utilized to analyze the martensitic microstructure at 
the root of the notch.  
Samples for LM were cut, mounted, mechanically ground and polished. The samples were using 
a Leco
®
 MSX200M cut-off machine with alumina blades and adequate amount of coolant. The cut 
samples were mounted using bakelite and epoxy powders. Table 3.5 contains the grinding and polishing 
procedure developed for the experimental alloys using Leco
®
 Spectrum System 2000 automatic polisher. 





 disks were used for all the grinding steps. Polishing steps were done manually using  
Leco 
®
 PSA cloth by alternating polishing media and alcohol based extender. Alcohol based extender was 
used for polishing steps to avoid pitting. The samples were cleaned using gentle soap between the 
grinding steps, cotton balls and isopropyl alcohol were used after the last grinding step and between each 
of the polishing steps. Once the samples were polished, they were chemically etched. Two pct nital (2 ml 
nitric acid in 98 ml methanol) was used as a general purpose etchant. A saturated solution of picric acid 
(200 ml deionized water, 2.6 grams picric acid, 6 ml Teepol, 2ml hydrochloric acid) was used for prior 
austenite grain (PAG) etching. The solution was heated to 65 °C (149 °F) and boiling stones were also 
used. Back polishing was done to remove the excess etching of the matrix. Prior austenite grain etching 
was done to understand the coarsening of the austenite grains in both the alloys at different austenitizing 
temperatures. LOM was done using Leco 
®
 Olympus PMG 3 microscope operating with PAX-it! version 
7.1 software. ImageJ software was used for image processing and quantitative metallography. 





120-180 grit disk 3 
220-320 grit disk 3 
400 grit disk 3 
600 grit disk 3 
Polishing 
6 μm diamond suspension 3 
3 μm diamond suspension 2 
1 μm diamond suspension 2 
 
3.7.2 X-Ray Diffraction (XRD) 
Residual stress measurement was performed at Caterpillar Inc. using XRD on fatigue samples in 
the as-heat treated condition. The measurements were taken at the location of maximum stress  
(Figure 3.17). Samples without stress concentrators were used for this analysis as the presence of the 
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localized notch increased the error in residual stress measurement. The samples from all the heat treat 
conditions were tested using Proto iXRD Combo diffractometer with a chromium target and vanadium 
filter. The analysis was done using a collimator of size 1 mm. The setup used for the analysis is shown in 
Figure 3.19 and Figure 3.20. The machine was operated at 20 kV and a maximum current of 4 mA. The 
elastic modulus of steel was considered to be 231.84 GPa. The exposure time was adjusted to maintain 
the intensity over 1,000 counts/sec. The Bragg angle was 156.31°, taking exposures at 11 different tilt 
angles with a 3 degree oscillation. 
Owing to the hour-glass shape of the specimen, a fixture had to be designed to take readings and 
measure the depth using a dial guage throughout the analysis. This fixture along with the sample is shown 
in Figure 3.20b. The samples were wrapped in electrical tape or coated with paint prior to  
electropolishing in order to facilitate localized removal of material. Electropolishing was followed by 
mechanical grinding of adjacent areas to enable measurement of residual stresses and further dissolution 
of metal. A sample wrapped in electrical tape is shown in Figure 3.21. The axial and circumferential 
residual stresses were measured directly, whereas principles of elasticity were used to calculate radial 
residual stresses. Two samples per heat treat condition were analyzed with different intervals for depth 
profiling. Once the measurements were taken, the depth correction formula was applied to incorporate the 
loss of material in residual stress measurement. 
 
Figure 3.19 Side view of Proto iXRD diffractometer setup with fixture and fatigue sample used for 
the analysis. 
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Figure 3.20 Front view of Proto iXRD diffractometer setup with fixture and fatigue sample used for 
the analysis. 
 
Figure 3.21 Fatigue sample wrapped with electrical tape and subjected to electropolishing. 
3.7.3 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy was utilized to study the fine microstructure produced during 
the various types of tempering processes. Thin foils were extracted from the fractured fatigue samples that 
were subjected to a minimum of 10
5
 cycles (Nf). Figure 3.22 shows the plan for extraction of wafers from 
the fatigue samples. Electrical discharge machining (EDM) was be used to extract wafers of 1.9 mm 
(0.075 in) thickness. It was observed that the thickness of the re-cast zone after wire EDM cutting on an 
induction hardened medium carbon steel surface was about 6 ± 0.9 µm. The re-cast layer from the EDM 
cutting process was removed during the grinding process. The wafers were attached to a flat bakelite 
mount using Krazy Glue ®. Subsequently the wafers were ground on a rotating wheel using 320 and 600 
grit papers to a thickness of 150 -200 µm (0.006 – 0.008 in). Adequate amounts of water were used to 
avoid heating of the samples during the grinding process. The area of interest was maintained as close to 
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the surface as possible. A digital micrometer was used to monitor the thickness of the wafers. The ground 
wafers were removed from the bakelite mounts by soaking in acetone for several hours.  
 
Figure 3.22 Schematic representation of the preparation of foil from fatigue samples for TEM 
analysis, all dimensions in mm. 
 
Masking tape was used for the second grinding sequence because it allowed for easy removal of 
wafers during the grinding process. Wafers were ground to a 600 grit surface finish and a thickness of  
100 μm (0.004 in) through manual grinding. Accidental heating of the wafers during grinding that might 
affect the characteristics of the carbides precipitated was avoided. Disks of 3 mm (0.118 in) diameter 
were punched out of the ground foils. Burrs were removed from the disks by grinding on 
 600 grit paper using clear tape. Once a thickness of 50-60 μm (0.002 – 0.0024 in) was achieved, disks 
were removed from the tape by folding the tape onto itself and carefully detaching using non-magnetic 
tweezers. Electropolishing was done using Fischione
®
 Model 110 twin-jet electropolisher equipped with 
an automatic power control unit. A solution of 5 pct perchloric acid in acetic acid was used to make the 
disks electron transparent. Polishing currents of 20-40 mA and voltages of 60-80 V were applied until 
perforation was achieved. The perforated disks were rinsed in ethanol and stored in a TEM specimen 
container. 
3
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3.7.4 Fractography 
A systematic examination of fracture surfaces was undertaken to understand features contributing 
to the differences in endurance limits observed in the experimental alloys. Nikon D70 camera with Nikkor 
60 mm macro lens was used for photography of fracture surfaces and scanning electron microscope 
(SEM) was used to study the finer facets of fracture features. Samples subjected to a nominal stress of 
about 10-50 MPa above the endurance limit from each heat-treat condition were chosen for fractography. 
Initially an attempt was made to use the SEM for understanding the competing crack nucleation 
mechanisms for the various heat treat conditions. However, since the regions close to crack nucleation 
were damaged due to repeated cyclic loading, this attempt was not successful. Therefore, the region along 
the neutral axis which was not damaged during fatigue testing was chosen for fractography. The analysis 
was performed as a function of depth from the root of the notch as shown in Figure 3.23.  
 
Figure 3.23 Schematic representation of the area analyzed using the SEM during fractography. 
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CHAPTER 4 : RESULTS AND DISCUSSION 
This chapter gives a detailed account of the results of microstructural characterization of the steel 
alloys before and after heat treatments, microhardness traverses, stress-life analysis, residual stress 
analysis, transmission electron microscopy (TEM), and fractography of all the heat-treat conditions. 
4.1 Microstructure 
The two alloys suggested for this study were: 1045 and 10V45 steel. The chemical compositions 
and heat treatment carried out prior to induction processing were described in Section 3.2. The 1045 alloy 
was normalized (N) prior to machining and the 10V45 alloy was used in the as-hot-rolled (HR) condition.  
4.1.1 Initial Microstructure 
The microstructures of the steel alloys consisted of proeutectoid ferrite and pearlite  
microconstituents. The microstructure of 1045 alloy in the as-rolled condition consisted of coarse pearlite 
nodules and proeutectoid ferrite grains (Figure 4.1). The 1045 alloy was normalized in order to improve 
the response to induction hardening. The microstructure of the 1045 alloy in the normalized condition is 
shown in Figure 4.2a. The smaller pearlite nodules provide additional sites for nucleation of austenite 
during induction hardening. The 10V45 alloy was used in the as-hot-rolled (HR) condition to avoid the 
coarsening of V(C, N) precipitates formed by controlled cooling. The microstructure of the 10V45 alloy 
is shown in Figure 4.2b. Microstructural banding was observed in both the alloys and manganese sulfide 
(MnS) inclusions were elongated along the rolling direction. The grain size and the volume fractions of 
the microconstituents were determined transverse to the rolling direction in accordance with the 
guidelines of Higgins et al. [41]. The results are summarized in Table 4.1. The 1045 alloy in the 
normalized condition (N) had larger proeutectoid ferrite grain and pearlite nodule sizes than those of the 
10V45 alloy, whereas the volume fractions of the major microconstituents were about the same 













1045-N 0.55 ± 0.04 0.45 ± 0.04 19.9 ± 3  10.9 ± 2  
10V45-HR 0.57 ± 0.04 0.43 ± 0.03 15.2 ± 3  7.9 ± 2 
 
* The value of the compound sign represents 95 pct confidence interval. 
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Figure 4.1 Three-dimensional light micrograph of 1045 alloy in as-rolled condition, etched with  




Figure 4.2 Three-dimensional light micrographs of (a) 1045-N and (b) 10V45 alloys, etched with 2 
pct. nital. 
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4.1.2 Induction Hardened and Tempered Microstructures 
The primary goal of induction hardening was to achieve complete martensitic transformation in 
the case region and obtain comparable hardened depths in both the alloys. Microstructural 
characterization was carried out at the location of maximum stress (Figure 3.17) in the as-heat-treated 
condition. Microstructural characterization was performed to evaluate the extent of phase transformation 
from the case to the core. Scanning electron microscopy (SEM) was utilized to qualitatively assess the 
martensite packet size, evaluate the distribution of carbides within individual martensite laths, and also to 
study the microstructure in the transition region and the core. 
Austenitization occurs by nucleation followed by diffusion of carbon into growing austenite 
crystals [42]. The typical austenite nucleation sites for ferrite-pearlite microstructures are interfaces 
between cementite and ferrite crystals. As crystals of the austenite phase grow during austenitizing, the 
cementite lamellae progressively dissolve. During induction processing, the thermal energy from the case 
region was transferred to the core through conduction, which creates an inter-critical region or transition 
region containing ferrite grains.  
The results for each heat-treat condition are summarized in “pairs’ of figures on the same page. 
For example, Figure 4.3 shows the overview of microstructure of 1045 alloy in 5 s induction tempered 
condition. The localized regions from the case region to the core are shown at higher magnifications in 
Figure 4.4. The results of the microstructure analysis for the 1045 alloy in the various tempering 
conditions are summarized in Figure 4.3 through Figure 4.8. The case region was free of undissolved 
carbides particles. The microstructure was “fully” martensitic in the case region with possibly a small 
amount of retained austenite. The density of carbides in individual laths appeared to be lower in the  
5 s induction tempered condition (Figure 4.4b) in comparison to the other temper conditions of the 1045 
alloy. The furnace tempered condition of the 1045 alloy (Figure 4.8b), showed the presence of coarser 
carbides in wider martensitic laths. This could be attributed to recovery during the extended tempering 
time (≈ 10 hr) associated with the furnace tempering process. The transition region was marked by the 
presence of undissolved ferrite and carbide phases, along with other non-martensitic transformation 
products. The core region remained largely unaffected by the induction hardening process and was 
comprised of proeutectoid ferrite grains and pearlite nodules. 
The results of the microstructure analysis for the 10V45 alloy are summarized in Figure 4.9 
through Figure 4.14. Complete austenitization at the surface resulted in a fully martensitic case region. 
The density and distribution of carbides in individual martensitic laths were comparable for all the temper 
conditions. The signs of recovery due to extended tempering were not evident in the furnace tempered 
condition. The transition region consisted of mixture of ferrite and other non-martensitic transformation 
products. The core region consisted of proeutectoid ferrite grains and pearlite nodules. 
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Figure 4.3 Light micrograph showing the gradient in microstructure from the case (left) to core 
(right) of the1045 alloy in 5 s induction tempered condition, etched with 2pct nital (color 





Figure 4.4 Microstructural features of the 1045 alloy after induction hardening followed by 
induction tempering at 270 °C for 5 s showing (a) Case region [0.1 mm from surface]  
(b) Martensite lath in case region showing carbides precipitated (c) Case-core interface 
[2.6 mm from surface] (d) Core region [3.6 mm from surface]; secondary electron SEM 
image, etched with 2 pct nital. 
Carbides
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Figure 4.5 Light micrograph showing the gradient in microstructure from the case (left) to core 
(right) of the1045 alloy in 4 min induction tempered condition, etched with 2pct nital 





Figure 4.6 Microstructural features of the 1045 alloy after induction hardening followed by 
induction tempering at 220 °C for 4 min showing (a) Case region [0.1 mm from surface] 
(b) Martensite lath in the case region showing carbides precipitated (c) Case-core 
interface [2.4 mm from surface] (d) Core region [3.5 mm from surface]; secondary 
electron SEM image, etched with 2 pct nital. 
 
Carbides
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Figure 4.7 Light micrograph showing the gradient in microstructure from the case (left) to core 
(right) of the1045 alloy in furnace tempered condition, etched with 2pct nital (color 





Figure 4.8 Microstructural features of the 1045 alloy after induction hardening followed by furnace 
tempering at 215 °C for 10 hr showing (a) Case region [0.1 mm from surface] 
(b) Martensite lath in the case region showing carbides precipitated (c) Case-core 
interface [2.2 mm from surface] (d) Core region [3.6 mm from surface]; secondary 
electron SEM image, etched with 2 pct nital. 
Carbides
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Figure 4.9 Light micrograph showing the gradient in microstructure from the case (left) to core 
(right) of the10V45 alloy in 5 s induction tempered condition, etched with 2pct nital 





Figure 4.10 Microstructural features of the 10V45 alloy after induction hardening followed by 
induction tempering at 270 °C for 5 s showing (a) Case region [0.1 mm from surface] 
 (b) Martensite lath in the case region showing carbides precipitated (c) Case-core 
interface [2.2 mm from surface] (d) Core region [3.5 mm from surface]; secondary 
electron SEM image, etched with 2 pct nital. 
Carbides
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Figure 4.11 Light micrograph showing the gradient in microstructure from the case (left) to core 
(right) of the10V45 alloy in 4 min induction tempered condition, etched with 2pct nital 





Figure 4.12 Microstructural features of the 10V45 alloy after induction hardening followed by 
induction tempering at 220 °C for 4 min showing (a) Case region [0.1 mm from surface] 
(b) Martensite lath in the case region showing carbides precipitated (c) Case-core 
interface [2.3 mm from surface] (d) Core region [3.7 mm from surface]; secondary 
electron SEM image, etched with 2 pct nital. 
Carbides
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Figure 4.13 Light micrograph showing the gradient in microstructure from the case (left) to core 
(right) of the10V45 alloy in furnace tempered condition, etched with 2pct nital (color 





Figure 4.14 Microstructural features of the 10V45 alloy after induction hardening followed by 
furnace tempering at 215 °C for 10 hr showing (a) Case region [0.1 mm from surface] 
(b) Martensite lath in the case region showing carbides precipitated (c) Case-core 
interface [2.3 mm from surface] (d) Core region [3.7 mm from surface]; secondary 
electron SEM image, etched with 2 pct nital. 
 
Carbides
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The prior austenite grain size (PAG) was evaluated through light microscopy (LM) for both 
alloys. The area of interest was maintained close to the surfaces of specimens in induction hardened and 
tempered condition. The PAG etching was performed using a saturated picric acid solution (refer to 
Section 3.7.1). The PAG size in both the alloys was comparable as shown in Figure 4.15 and summarized 
in Table 4.2. The martensite packet sizes in both the alloys were also found to be comparable through 
SEM analysis. Since both alloys were subjected to identical processing conditions during induction 
hardening with a peak temperature of around 1000 °C (1832 °F), the kinetics of austenite grain coarsening 
are expected to be similar. Similar results were observed in PAG size study of both alloys using thin-disk 
specimens (Appendix B). 
  
(a) (b) 
Figure 4.15 Light micrographs showing prior austenite grains of (a) 1045 and (b) 10V45 alloys after 
induction hardening, etched with a saturated solution of picric acid. 
Table 4.2 – Prior Austenite Grain Size of Both the Alloys 
Alloy PAG size, μm 
1045 11.6 ± 0.6 
10V45 9.3 ± 0.4 
* The value of the compound sign represents 95 pct confidence interval. 
4.2 Hardened Depth 
Microhardness traverses were conducted at the location of maximum stress (Figure 3.17) in the 
hardened and tempered condition for all the heat-treat conditions. In order to improve the statistical 
significance of the data, three hardness traverses were performed. The hardness traverse pattern was done 
in accordance with Section 3.6.3. Effective hardened depth was defined as the distance from the surface at 
which a hardness of 50 HRC (513 HV) was achieved. This was chosen so that the analysis was in line 
with industry standards. The hardness measurement taken at 0.127 mm (0.005 in) from the surface was 
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considered as the surface hardness. The hardened depth and surface hardness for all the heat treat 
conditions are summarized in Table 4.3. 
4.2.1 Microhardness Profiles–1045 Alloy 
The results of microhardness traverses for 1045 alloy specimens that were induction hardened 
and tempered are summarized in Figure 4.16 through Figure 4.18. In the case region a consistent hardness 
was observed in the 5s and 4 min induction tempered conditions, as shown in Figure 4.16 and  
Figure 4.17, respectively. However, for the furnace tempered condition, a gradual increase in surface 
hardness in the case region was observed, up to a depth of 0.4 mm (0.015 in) from the surface, as shown 
in Figure 4.18. This could be due to the prolonged tempering (≈ 10 hr) that led to coarsening of carbides 
and laths, which was reflected in the microstructure (Figure 4.8b). For all three tempered conditions, an 
increase in the scatter in average hardness measurements was observed in the transition region which may 
be due to the presence of undissolved ferrite. The transition from case to core region was gradual due to 
the high heat input required to obtain a nominal hardened depth of 2.3 mm (0.09 in) to a depth of 50 HRC 
(513 HV). Thus, some martensite was present along with other microconstituents such as undissolved 
ferrite, carbides, and bainite in the transition region. The heat affected zone adjacent to the transition 
region in the core region showed a constant hardness without any abrupt decrease in hardness. This 
observation indicates that no softening or over-tempering of the core occurred. 
 
Figure 4.16 Microhardness traverse plot for the 1045 alloy after induction hardening and induction 
tempering at 270 °C for 5 s. Error bars represent 95 pct confidence interval.  
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Figure 4.17 Microhardness traverse plot for the 1045 alloy after induction hardening and induction 
tempering at 220 °C for 4 min. Error bars represent 95 pct confidence interval. 
 
 
Figure 4.18 Microhardness traverse plot for the 1045 alloy after induction hardening and furnace 
tempering at 215 °C for 10 hr. Error bars represent 95 pct confidence interval. 
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4.2.2 Microhardness Profiles-10V45 Alloy 
The results of microhardness traverses for all the temper conditions of 10V45 alloy are 
summarized in Figure 4.19 through Figure 4.21. The processing parameters for induction hardening were 
maintained the same for both the experimental alloys. However, the 10V45 alloy had a marginally higher 
hardened depth than 1045 alloy (refer to Table 4.3). Austenite crystals nucleate at cementite lamellae or 
pearlite nodule interfaces [14]. The 10V45 alloy, with a higher pearlite fraction and finer pearlite nodules 
(Table 4.1), has an increase in the diffusion of carbon across ferrite-carbide interfaces during 
austenitization. This leads to a higher hardened depth in the 10V45 alloy. The vanadium carbonitride 
[V(C, N)] precipitates in the 10V45 alloy could act as additional nucleation sites for the formation of 
austenite. 
The 10V45 alloy was more resistant to tempering than the 1045 alloy. Vanadium (V) could also 
be embedded into cementite or the transition carbides; V in solid solution could retard dislocation 
annihilation during tempering. The 10V45 alloy had a higher surface hardness than the 1045 alloy in all 
the temper conditions. It is to be noted that both the experimental alloys had similar surface hardness of 
about 60-61 HRC (697-720 HV) after induction hardening and prior to tempering (Figure 4.22). The 
scatter of the average hardness values in the transition region was due to the presence of undissolved 
ferrite and other non-martensitic transformation products. Over-tempering of the core adjacent to the 
transition region was not evident. 
 
Figure 4.19 Microhardness traverse plot for the 10V45 alloy after induction hardening and induction 
tempering at 270 °C for 5 s. Error bars represent 95 pct confidence interval. 
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Figure 4.20  Microhardness traverse plot for the 10V45 alloy after induction hardening and induction 
tempering at 220 °C for 4 min. Error bars represent 95 pct confidence interval. 
 
 
Figure 4.21  Microhardness traverse plot for the 10V45 alloy after induction hardening and furnace 
tempering at 215 °C for 10 hr. Error bars represent 95 pct confidence interval. 
  58 
 
Figure 4.22 Microhardness traverse plots (a) 1045 and (b) 10V45 alloys after induction hardening and 
prior to tempering. 
Table 4.3 – Summary of Effective Hardened Depth and Surface Hardness of all The Heat-Treat 
Conditions 













1045 – As Quenched 701 60.2 2.3 
1045 – 5s Induction Temper at 270 °C 586 ± 10 54.5 ± 0.6 2.3 ± 0.06 
1045 – 4 min Induction Temper at 220 °C 606 ± 21 55.6 ± 1 2.3 ± 0.01 
1045 – Furnace Temper at 215 °C 593 ± 20 54.9 ± 1 2.3 ± 0.08 
10V45 – As Quenched 707 60.4 2.7 
10V45 – 5 s Induction Temper at 270 °C 613 ± 6 56 ± 0.3 2.7 ± 0.08 
10V45 – 4 min Induction Temper at 220 °C 620 ± 15 56.3 ± 0.7 2.8 ± 0.02 
10V45 – Furnace Temper at 215 °C 611 ± 9 55.8 ± 0.5 2.7 ± 0.08 
 * The value of the compound sign represents 95 pct confidence interval. 
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4.3 Characteristics of Induction Tempering 
Tempering was carried out to obtain comparable surface hardness through furnace and induction 
tempering, with tempering times differing by orders of magnitude. A time-averaged tempering parameter 
from Semiatin’s work [19] was used in this study. In addition, an ABAQUS model was generated to 
understand the heat generated at the surface during induction tempering. 
4.3.1 Effective Tempering Parameter 
The effective tempering parameter was calculated from Equations 3.1through 3.4. The variation 
in surface temperature as a function of time for both the temper cycles was obtained using thermocouples. 
These data were used for calculating the effective tempering parameter of both 5 s and 4 min induction 
temper cycles. The results of the effective tempering parameter calculations for the 5 s and 4 min temper 
cycles are summarized in Table 4.4 and Table 4.5, respectively. The locations of thermocouples are 
shown in Figure 3.7b. The hardness reported is an averaged hardness value of 1045 and 10V45 alloys at 
0.1 mm (0.254 in) depth from the surface, since the mean tempering parameter was used for obtaining 
time and temperature combinations. The decrease in surface hardness was greatly influenced by the peak 
temperature compared to the tempering time, since tempering time is a logarithmic function in the 
tempering parameter. The lower surface hardness for the 5 s temper cycle is primarily due to higher 
surface temperature than that of the 4 min cycle. The deviations in observed hardness from the predicted 
value of 55 HRC could be attributed to the noise in thermocouple data and difference in heating rate 
between the two temper cycles. 
























TC - 1 234 453 4.7 13784 - - 
TC - 2 294 561 5.1 15462 565 53.3 
TC - 3 289 552 5.7 15361 537 51.6 
TC - 4 285 545 4.7 15173 560 53.0 
TC - 5 283 542 4.8 15143 563 53.2 
TC - 6 289 552 4.3 15254 - - 
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at 0.1 mm, 
HRC 
TC - 1 205 401 107.4 14177 - - 
TC - 2 249 481 35.4 15029 595 55.0 
TC - 3 237 459 121.2 15177 571 53.6 
TC - 4 237 458 116.6 15147 580 54.2 
TC - 5 238 460 140.6 15251 580 54.2 
TC - 6 218 425 167.0 14729 - - 
 
4.3.2 Heat Generated during Induction Tempering 
The main objective of using ABAQUS was to analyze the heat generated during induction 
tempering as a function of radial distance from the surface. The experimental setup for the simulation is 
explained in Section 3.5.4. It was observed that a significant amount of heat generated at the surface was 
transferred to the core. The heat maps shown in Figure 4.23a and 4.23b show a significant heating along 
the radius portion of the heat-treated sample in both the temper cycles. The results show appreciable 
temperature in the core region of the sample for both the induction temper cycles. The temperature profile 
at the location of maximum stress (Ø =15.8 mm) is shown in Figure 4.23c. 
   
(a) (b) (c) 
Figure 4.23 Heat maps of (a) 5 s (hold time =16 s) (b) 4 min (hold time =14.5 s) induction temper 
cycles, temperature in °C; (c) Plot showing the variation of temperature as a function of 
radial distance at the location of maximum stress (color image; refer to PDF thesis file). 
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4.4 Residual Stress Profiles 
Residual stress analysis was performed in the as-heat-treated condition using x-ray diffraction 
(XRD). Depth profiling through electropolishing of heat-treated samples was carried out at the location of 
maximum stress (Figure 3.17). Two samples were analyzed per heat-treat condition with varying intervals 
for depth profiling. The combined data from both samples were displayed with two formats; first, a scatter 
plot of axial residual stress as a function of distance followed by a plot with a polynomial fit with  
95 percent confidence intervals. The magnitude of axial residual stress at the surface was obtained from 
actual data points from the scatter plot, whereas the axial residual stress at the hardened depth and point 
of transition of residual stresses were determined from the polynomial fits that were used to interpolate 
the data. The magnitude of residual stress is compressive close to the surface for all the heat-treat 
conditions. The magnitude of compressive stress decreases with an increase in depth from the surface. 
The point of change in sign of the axial residual stresses is located at about the effective hardened depth 
for all the heat-treat conditions. The residual stresses at the hardened depth were also comparable for all 
the heat-treat conditions. The magnitude of axial residual stresses at the surface of the 4 min induction 
tempered condition was -796 MPa and -787 MPa, for 1045 and 10V45 alloys, respectively. Therefore the 
magnitude of axial residual stresses in the 4 min induction temper conditions in both the alloys was 
marginally higher than other heat-treat conditions, as shown in Table 4.6. In conclusion, the residual 
stress profiles of all the conditions in both the alloys were comparable and no major differences were 
observed between the furnace and induction tempered conditions in both the alloys as shown in  
Figure 4.24 and Figure 4.25. A summary of the magnitude of axial residual stress at the surface, effective 
hardened depth and the depth at which axial residual stress becomes zero is provided in Table 4.6. 
Residual stresses are formed during induction hardening and further influenced by the tempering 
heat treatments. During induction hardening, the formation of macro-residual stress was due to the 
volume expansion associated with the martensitic transformation. However, tempering results in a change 
in the micro-residual stress. The formation of fine precipitates and movement of dislocations, vacancies, 
and other defects cause a change in the micro-residual stress [43–45]. These short-range stresses affect 
only a grain or a part of the grain. In this study, both the steel alloys were processed with identical 
induction processing parameters. Given the comparable microstructures prior to induction hardening and 
hardened depths in both the alloys, the residual stresses were also comparable for all the heat-treat 
conditions. The difference in temperature for the various tempering processes was not large enough to 
cause a change in the macro-residual stresses. Any change in the micro-residual stresses would not be 
revealed through XRD. The circumferential and radial residual stresses of both alloys were also 
comparable for all the temper conditions as shown in Appendix D. 
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Figure 4.24 Plot showing the variation of axial residual stress as a function of depth for the 1045 alloy 
in (a) 5 s induction temper (b) 4 min induction temper (c) Furnace temper conditions. 
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Figure 4.25 Plot showing the variation of axial residual stress as a function of depth for 10V45 alloy 
in (a) 5 s induction temper (b) 4 min induction temper (c) Furnace temper conditions. 
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Table 4.6 – Summary of Residual Stress Analysis in the As-Heat-Treated Condition 






Stress at the 
Surface, MPa 
Axial Residual 






Stress is Zero, 
mm 
1045 
5 s Induction 
Temper 
2.3 -729 -33 2.5 
4 min Induction 
Temper 
2.3 -796 -10 2.3 
Furnace Temper 2.3 -720 -26 2.4 
10V45 
5 s Induction 
Temper 
2.7 -748 -32 2.7 
4 min Induction 
Temper 
2.8 -787 21 2.7 
Furnace Temper 2.7 -690 -3 2.7 
 
4.5 Stress-Life and Fractography 
The endurance limits for both the alloys were determined experimentally through fully reversed  
(R = -1), load controlled, cantilever bending fatigue testing. A localized stress concentrator in the form of 
a circumferential notch with a theoretical stress concentration factor (Kt) of 2.45, was machined into the 
heat-treated samples. This resulted in surface nucleated failures during fatigue testing. In the S-N curves, 
nominal engineering stress without taking the effect of the notch (Kt) into consideration, was plotted as a 
function of number of cycles to failure (Nf), as shown in Figure 4.27. A horizontal line was used to 
represent the endurance limit and the finite life in the S-N curves was represented by a log-log fit  
(Figure 4.26)in accordance with the Basquin equation [24], which is represented as shown 
     
      
       (4.1) 
where σa is the applied alternating stress in MPa, σf' is the fatigue strength coefficient in MPa, 2Nf is the 
number of stress reversals, and b is the fatigue strength exponent. σf'
 
approximately represents the ultimate 
tensile strength of the material when the number of cycles to failure (Nf) is equal to 1. The value of 
fatigue strength exponent (b) ranges between -0.05 and -0.2 for most alloys [24]. 
 Upon fatigue testing, all the samples had failures initiated at the root of the notch. Fractography 
was performed along the neutral axis to compare the fracture features along the case for the various heat-
treat conditions. During fully reversed bending fatigue testing, the zone of overload fracture was not 
damaged during fatigue testing. This enabled fractography as a function of depth from the notch in both 
the experimental alloys. 
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4.5.1 1045 Alloy: S-N Curves 
The finite life behavior is represented by a log-log plot of stress amplitude and number of stress 
reversals, as shown in Figure 4.26. Despite having different endurance limits, the 5 s induction tempered 
and furnace tempered conditions had similar behavior in the finite life region of the S-N curves. This is 
evident from the values of fatigue strength exponent (b), which is given by the slope of the Basquin fits. 
The significant difference in the values of σf' and b of the 4 min induction tempered conditions and the 
other heat-treat conditions, could be attributed to the excess scatter in the finite life fatigue data. At Nf =1, 
convergence of S-N curves occurred due to the influence of the core microstructure on the monotonic true 
fracture strength of the material. The values of coefficients of Basquin fits and endurance limits are 
summarized in Table 4.7. The stress-life behavior of the 1045 alloy in the three temper conditions is 
shown in Figure 4.27. The 4 min induction tempered condition had the highest endurance limit (605 MPa) 
of all the heat-treat conditions. The effect of a change in the alternating stress on the fatigue performance 
of the 4 min induction tempered condition was lesser than the other heat-treat conditions. The 5 s 
induction tempered condition had the lowest (470 MPa) of the three temper conditions. 
 
Figure 4.26 Basquin equation fit of finite life fatigue data of 1045 alloy in all heat-treat conditions. 






Value of Fit 
Endurance Limit 
MPa ksi 
5 s Induction Temper 2085 -0.113 0.788 470 68.2 
4 min Induction Temper 1210 -0.053 0.631 605 87.8 
Furnace Temper 1995 -0.107 0.864 515 74.7 
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Figure 4.27 Stress-life curves for 1045 alloy in the various heat-treated conditions. Closed symbols 
represent finite life and open symbols represent run-out samples. 
4.5.2 1045 Alloy: Fractography 
An overview of the fracture surface at the root of the notch for the 5 s induction tempered 
condition is shown in Figure 4.28a. The subsequent images of Figure 4.28 show the fracture features 
observed at different depths from the root of the notch. The results of fractographic analysis of other 
temper conditions are also summarized in a similar way. The fracture surface of the 1045 alloy in all the 
heat-treat conditions showed that the fatigue cracks nucleated at the root of the notch, propagated through 
the case region and final overload fracture took place in the core region. Ratchet marks were observed at 
the sites of crack nucleation in some samples and in others the distinct signs of crack nucleation were 
absent. The induction tempered conditions mostly had crack nucleation along one side of the axis of 
bending (Figure 4.28a and Figure 4.29b), with only 20-30 pct of samples showing crack nucleation and 
propagation along both sides of axis of bending. The furnace tempered condition had the most number of 
samples (70 pct) having fatigue cracks nucleated from either sides of the axis of bending. Figure 4.30a 
shows that in the furnace tempered condition the opposing crack fronts propagated towards the core, 
resulting in the formation of distinct lip along the region of overload fracture. Fractography along the 
neutral axis showed the presence of predominantly transgranular fracture along with regions showing 
signs of intergranular rupture. A mixed mode of failure was observed in the case region along the neutral 
axis up to a depth of 1 mm. The fracture features at a depth of 2 mm revealed dimpled rupture [46] as the 
location was closer to the region of final separation. 







Figure 4.28 (a) Overall fracture surface of 1045 alloy after induction hardening followed by induction 
tempering at 270 °C for 5 s (σa = 480 MPa, Nf = 203,465) showing the area of interest. 
Fracture surfaces at a depth of (b) 0.25 mm (c) 0.5 mm (d) 1 mm (e) 2 mm from the notch 
Ratchet Mark







Figure 4.29 (a) Overall fracture surface of 1045 alloy after induction hardening followed by induction 
tempering at 220 °C for 4 min (σa = 650 MPa, Nf = 100,894) showing the area of interest. 
Fracture surfaces at a depth of (b) 0.25 mm (c) 0.5 mm (d) 1 mm (e) 2 mm from notch. 
Ratchet Marks







Figure 4.30 (a) Overall fracture surface of 1045 alloy after induction hardening followed by induction 
tempering at 215 °C for 10 hr (σa = 565 MPa, Nf = 60,327) showing the area of interest. 
Fracture surfaces at a depth of (b) 0.25 mm (c) 0.5 mm (d) 1 mm (e) 2 mm from notch. 
Ratchet Marks
Ratchet Marks
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4.5.3 10V45 Alloy: S-N Curves 
A log-log plot of the Basquin equation showing the finite life behavior is shown in Figure 4.31. 
The values of fatigue strength exponent (b) and fatigue strength coefficient (σf') were similar for all the 
heat-treat conditions. The values of b and σf' are in line with the values cited in literature for medium 
carbon steels in the quenched and tempered condition [24]. The values of coefficients of Basquin fits and 
endurance limits are summarized in Table 4.8. There was also no major difference in the scatter in finite 
life fatigue data. The 10V45 alloy had endurance limits that varied within the limits of experimental 
uncertainty, in all the temper conditions. The 5 s induction tempered condition had the highest endurance 
limit, while the furnace tempered condition had the lowest endurance limit. There was no significant 
difference in endurance limits, was the case for 1045 alloy. The S-N curves for the different temper 
conditions of 10V45 alloy are shown in Figure 4.32.  
 
 
Figure 4.31 Basquin equation fit of finite life fatigue data of 10V45 alloy in all heat-treat conditions 






Value of Fit 
Endurance Limit 
Mpa ksi 
5 s Induction Temper 1282 -0.069 0.781 515 74.7 
4 min Induction Temper 1697 -0.093 0.845 500 72.5 
Furnace Temper 1539 -0.081 0.816 495 71.8 
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Figure 4.32 Stress-life curves for 10V45 alloy in the various heat-treated conditions. Open symbols 
represent finite life and solid symbols represent run-out samples. 
4.5.4 10V45 Alloy: Fractography 
The results of fractographic analysis for each temper condition are summarized as follows: an 
image showing an overview of the fracture surface at the root of the notch; images showing fracture 
features at varying depths from the root of the notch. The fracture surface of sample in the 5 s induction 
tempered condition (Figure 4.33a), does not show distinct ratchet marks. However, multiple ratchet marks 
were observed in the 4 min induction tempered condition (Figure 4.34a), and furnace tempered condition 
(Figure 4.35a). A majority of the fatigue cracks (60-70 pct) nucleated on both sides of the axis of bending 
for all the temper conditions. The fatigue cracks for all the samples, nucleated at the root of the notch, 
propagated through the case region and resulting in an overload failure in the core region. An analysis of 
the fracture surface along the neutral axis showed the presence of predominantly intergranular fracture up 
to a depth of 1 mm from the notch for all the heat-treat conditions. Intergranular cleavage along the PAG 
boundaries was evident. The fracture mode changed to a mixed mode comprised of transgranular and 
intergranular fracture deeper into the case region, closer to the region of overload fracture. One possible 
reason for this behavior in all the heat-treat conditions of 10V45 alloy is presence of a higher amount of 
phosphorus (P), about three times more than 1045 alloy as shown in Table 3.1. Phosphorus is rejected as 
the carbides are precipitated during tempering. Since the region along the neutral axis is also along the 
zone of final fracture, the increased strain rate could aggravate the tendency for intergranular fracture.  







Figure 4.33 (a) Overall fracture surface of 10V45 alloy after induction hardening and induction 
tempering at 270 °C for 5 s (σa = 525 MPa, Nf = 404,098) showing the area of interest. 
Fracture surfaces at a depth of (b) 0.25 mm (c) 0.5 mm (d) 1 mm (e) 2 mm from notch. 







Figure 4.34 (a) Overall fracture surface of 10V45 alloy after induction hardening and induction 
tempering at 220 °C for 4 min (σa = 515 MPa, Nf = 74,286) showing the area of interest. 
Fracture surfaces at a depth of (b) 0.25 mm (c) 0.5 mm (d) 1 mm (e) 2 mm from notch. 
Ratchet Marks







Figure 4.35 (a) Overall fracture surface of 10V45 alloy after induction hardening and furnace 
tempering at 220 °C for 10 hr (σa = 555 MPa, Nf = 134,226) showing the area of interest. 
Fracture surfaces at a depth of (b) 0.25 mm (c) 0.5 mm (d) 1 mm (e) 2 mm from notch. 
Ratchet Marks
Ratchet Marks
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4.6 Study of Carbides through Transmission Electron Microscopy (TEM) 
Thin-foil TEM analysis was carried out to analyze the different types of carbides that precipitated 
during the various tempering processes. The method of extraction of samples for TEM analysis is 
explained in Section 3.7.3, and Figure 4.36 shows the relative position of TEM foils from the root of the 
notch. Since the location of the foil is away from critically stressed zone at the root of the notch, the 
changes in dislocation substructure due to cyclic loading cannot be observed. However the location of the 
foil was well within the effective hardened case region. Therefore the microstructures observed during 
TEM analysis reflect only the effects of heat treatment on the material. 
 
 
Figure 4.36 Schematic representation of the relative position of the TEM foil from the root of the 
notch. 
In the 1045 alloy, a distinct difference in the type of carbides precipitated was observed in 
comparison to the 10V45 alloy. The microstructure of the 1045 alloy in the 5 s induction tempered 
condition consisted of predominantly Fe3C (ϴ) as shown in Figure 4.37a with a minor constituent of 
Fe2.4C (ε). The higher temperature (270 °C) associated with the 5 s induction temper process resulted in 
the transformation of most of the Fe2.4C (ε) carbides precipitated initially during the temper process into 
coarser ϴ particles. The density of carbides and dislocations in the 5 s induction tempered condition was 
less compared to the other heat-treat conditions of the 1045 alloy (Figure 4.37a), showing signs of 
extensive tempering. The 4 min induction temper with a lower tempering temperature (220 °C) showed 
the presence of transition carbides (ε) and a minor constituent of intra-lath ϴ (Figure 4.37b). The furnace 
tempered condition of the 1045 alloy consisted of mostly ε carbides (Figure 4.37c). The furnace tempered 
condition had the lowest tempering temperature (215 °C) of all the conditions, thus the temperature was 
insufficient for the formation of large fractions of cementite. There was evidence of recovery in the form 
of reduced dislocation density, in the furnace tempered condition of 1045 alloy due to extended tempering 









Figure 4.37 Montage of TEM micrographs showing the carbides precipitated in 1045 alloy after 
induction hardening and (a) 5 s induction temper at 270°C (b) 4 min induction temper at 
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In the 10V45 alloy, a combination of ϴ and ε were observed in all the temper conditions as 
shown in Figure 4.38 and Figure 4.39. However, ϴ was the dominant carbide in furnace tempered 
condition. Extensive tempering observed in the 5 s induction tempered condition of the 1045 alloy was 
not evident in the 10V45 alloy. Precipitation of carbides along the prior austenite grain boundary was also 
observed in the 5 s induction temper condition. The presence of higher amount of P in the 10V45 alloy 
could result in segregation of P along the prior austenite grain boundary, leading to intergranular fracture 
in the case region upon fatigue testing. The presence of V resulted in an increase in resistance to 
tempering in the 10V45 alloy than the 1045 alloy, as observed in the temper study shown in Appendix E. 
Therefore under identical temper conditions, a difference in the types of carbides that were precipitated 
was observed at higher tempering temperatures in both the alloys. Based on the dominant presence of 
carbide in the microstructure, the carbide is classified as “minor” or “major”. A summary of the carbides 
precipitated during the various temper processes is shown in Table 4.9. 
It was observed that the carbide precipitation was driven by the differences in tempering 
temperature in comparison to the tempering time. This is further reiterated by the tempering parameter 
(Equation 2.4). In the absence of V, the 1045 alloy was more sensitive to changes in tempering 
temperature than 10V45 alloy. The dominant carbide in the 5 s induction tempered condition was ϴ in the 
1045 alloy. However increased presence of ε along with ϴ in the 10V45 alloy, shows the increased 
temper resistance of 10V45 alloy. 
 
Figure 4.38 Montage of TEM micrographs showing the carbides precipitated in the 10V45 alloy after 
induction hardening and induction tempering at 270 °C for 5 s. 
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(a) (b) 
Figure 4.39 Montage of TEM micrographs showing the carbides precipitated in 10V45 alloy after 
induction hardening and (a) 4 min induction temper at 220 °C (b) 10 hr furnace temper at 
215 °C.. 
Table 4.9 – Summary of Precipitates in the Tempered Martensite Microstructure and Fatigue Performance 
Alloy Heat Treatment 




Limit, MPa Major Minor 
1045 
5 s Induction 
Temper 
ϴ ε 270 470 
4 min Induction 
Temper 
ϴ and ε 220 605 
Furnace Temper ε ϴ 215 515 
10V45 
5 s Induction 
Temper 
ϴ and ε 270 515 
4 min Induction 
Temper 
ϴ and ε 220 500 
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4.6.1 Habit Plane Analysis and Identification of Carbide Type 
An in-depth TEM analysis was carried out on select temper conditions to analyze the type of the 
carbides that were precipitated. Thin foils from 5 s induction temper conditions of both alloys were 
chosen for analysis. Under identical processing conditions, a significant difference in endurance limit was 
observed in the two alloys. The 4 min induction temper condition of the 10V45 alloy was also analyzed. 
Figure 4.40 shows the different types of carbides precipitated in the three temper conditions. Cementite 
(ϴ) and transition carbides (ε) had {110} and{100} habit planes, respectively. The 5 s induction temper 
condition of 1045 alloy had predominantly ϴ precipitates and minor fraction of ε carbides. The 
insignificant presence of ε carbides shows that softening occurred at faster rate and most of ε carbides had 
transformed into ϴ. It is to be noted that heterogeneity in microstructure was observed in different laths 
within a packet in this temper condition of 1045 alloy. Laths that were heavily tempered containing only 
ϴ precipitates and low density of dislocations were also observed. In 5 s and 4 min induction temper 
conditions of 10V45 alloy, the presence of ε carbides was evident. Two variants of ϴ precipitates for each 
temper condition are shown in Figure 4.40. Appendix E shows the bright field and dark field TEM 
micrographs showing different carbides for the three temper conditions discussed in this section. 
 
                      (a) (b)                    (c) 
Figure 4.40 TEM micrographs showing the carbides precipitated in martensite laths after induction 
hardening followed by (a) 5 s induction temper at 270 °C for 1045 alloy; (b) 5 s and (c) 4 
min induction temper at 270 °C and 220 °C , respectively for the 10V45 alloy, Habit 
planes are indicated in the schematic representation at the top of the image. 
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4.6.2 Influence of Carbides on the Fatigue Performance 
The presence of a stress concentrator resulted in the nucleation and propagation of the fatigue 
crack through the martensitic case region. Therefore the fine changes in the martensitic microstructure 
after tempering processes at different temperatures had a direct influence on the endurance limits of the 
various heat-treat conditions. 
The size and distribution of carbides in the martensitic laths are interpreted to influence fatigue 
crack nucleation at the root of the notch. Microstructures with coarse carbides are associated with regions 
of carbide-free zones within a martensite packet (Figure 4.40a). This is believed to result in an increase in 
the degree of strain localization during progressive cyclic loading which led to an increase in the localized 
plasticity. These carbide-free zones could result in the formation of slip bands close to the surface, which 
in-turn could lead to the formation of surface discontinuities. The 5 s induction tempered condition of the 
1045 alloy showed the dominant presence of ϴ and minor constituent of ε carbide particles  
(Figure 4.40a). The relative ease in the nucleation of micro-cracks at the root of the notch could result in a 
lower endurance limit in the 5 s induction tempered condition of the 1045 alloy, in comparison to other 
temper conditions. The type and density of carbides within an austenite grain for the 5 s induction 
tempered condition of the 1045 alloy was also sporadic in nature. The heterogeneity in microstructure 
could be attributed to the absence of V and higher tempering temperature. This behavior was not evident 
in the other temper conditions. 
The carbides precipitated during tempering have a different crystal structure and elastic modulus 
compared to the surrounding ferrite matrix, which could result in localized stress fields within the 
material. As fatigue damage takes place in a tempered martensitic material, the movement of dislocations 
takes place along slip planes. Dislocation motion occurs via by-passing the second phase particles or by 
shearing of the particles. As the number density of precipitates increases, a corresponding increase in the 
length of dislocation line takes place, in order for localized plastic deformation to progress. Upon cyclic 
loading, martensitic microstructures with a high density of defects and dislocations tend to cyclically 
soften [24]. Therefore the 5 s induction temper condition of 1045 alloy with inter and intra-lath ϴ and 
lower density of carbides, offered the least resistance to movement of dislocations. This could result in 
softening at a faster rate. Due to recovery, 5 s induction tempered condition of 1045 alloy temper 
condition had a low dislocation density. The presence of second phase particles results in an internal shear 
stress in the matrix, which in turn exerts a force on the moving dislocations [47]. The 4 min induction 
temper condition of 1045 alloy with a combination of ϴ and fine ε carbides, would offer the highest 
resistance to cyclic softening. The furnace tempered condition of the 1045 alloy and all the temper 
conditions of 10V45 alloy had comparable fatigue performance. Despite having comparable 
microstructures, all the temper conditions of 10V45 alloy had lower endurance limit than the 4 min 
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induction tempered condition of 1045 alloy due to elevated levels of P (Table 3.1). This result could be 
associated with come precipitation of carbides along the PAG boundaries and collection of P at the 
boundaries (Figure 4.39a), leading to intergranular failure. The strain energy released during intergranular 
failures is lesser than that of transgranular failures, as the crack travels though the path of least resistance. 
4.7 Characterization of the Stress Concentrator 
A stress concentrator was machined using a lathe on all samples at the location of maximum 
stress, subsequent to all the heat treatments. The presence of stress concentrator ensured that the fatigue 
cracks nucleated in the martensitic region of the case. The geometry and location of the stress 
concentrator is shown in Figure 3.17. In order to study the characteristics of the notch, a sample in the as-
machined condition (without fatigue testing) was used. As a result of the gouging action of the tool on the 
surface during machining, metal sheared and moved by plastic flow to the periphery of the notch could be 
observed, which is shown in Figure 4.41a. A fine layer that was subjected to plastic deformation was 
observed close to the root of the notch. The thickness of the layer was about 2-3 μm, which is 
insignificant in comparison to the thickness of the remaining case region. The plastically deformed layer 
is shown in SEM micrograph in Figure 4.41b. The layer consisted of deformed carbides in a ferritic 
matrix. Below this layer, martensite which had not been affected by the machining process was observed.  
  
(a) (b) 
Figure 4.41 (a) Optical micrograph showing the cross-section of the notch in 10V45 alloy in furnace 
tempered condition (b) SEM micrograph of the root of the notch. 
The consistency in the geometry of the notch would have a direct impact on the fatigue life. 
Therefore the consistency in the geometry of the notch was studied by measuring the depth of the notch in 
fractured samples from all the heat-treat conditions. One third of the fractured samples from each  
S-N curve were used for this study. It was observed that the depth of notch did not vary significantly. The 
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minor variations observed in the depth of the notch would not have a significant impact on the fatigue 
performance. A summary of the depth of notch for all the heat-treat conditions is shown in Figure 4.42. 
 
Figure 4.42 Bar chart showing the variation of the depth of the notch for the various heat-treat 
conditions. The error bars represent 95 pct confidence interval. 
The change in hardness at the root of the notch was analyzed through Knoop microhardness 
traverses from the root of the notch. Knoop hardness was utilized so that hardness close to the root of the 
notch could be measured. The pattern of hardness indentations is shown in Figure 4.43. A minor degree of 
strain hardening was observed up to a depth of 0.2 mm (0.008 in) from the root of the notch, as shown in 
(Figure 4.44). Apart from that minor change, the hardness mirrored the hardness in the as-heat-treated 
condition. The average hardness of the two hardness traverses is shown in Figure 4.44.  
 
Figure 4.43 Optical micrograph showing the hardness indentations taken at a depth from the root of 
the notch of 10V45 alloy in furnace tempered condition. 
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Figure 4.44 Microhardness traverse showing the variation in hardness as a function of depth from the 
root of the notch of 10V45 alloy in furnace tempered condition. 
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CHAPTER 5 : SUMMARY 
The steel alloys in this study, 1045 and 10V45, were induction hardened to comparable hardened 
depths, followed by tempering via induction and furnace tempering to achieve similar surface hardness. 
Upon fatigue testing with the presence of a stress concentrator, the following endurance limits were 
determined and “classified”: one comparatively high value of 605 MPa was determined for the  
4 min induction temper condition of 1045 alloy, four comparatively moderate values were determined 
that range from 515 to 495 MPa, they were the 9.5 hr furnace-temper of 1045 alloy (515 MPa),  
5 s induction temper of 10V45 alloy (515 MPa), 4 min induction temper of 10V45 alloy (500 MPa), and 
9.5 hr furnace temper of 10V45 alloy (495 MPa) conditions, and one comparatively low value of 470 
MPa was determined for the 5s induction temper condition of 1045 alloy. The challenge was to assess the 
factors that were responsible for the differences in endurance limits. In several cases, the results collected 
showed minor variations and were suggested to contribute to small differences in endurance limit. These 
include surface hardness, depth of hardening, hardenability, residual stress profiles, and austenite grain 
size. 
Two features were clearly different: the chemical compositions of the steels and the tempering 
heat treatments. There was an obvious-and-designed difference in vanadium (V) content (0.01 vs. 0.10  
wt pct.) a second difference in phosphorus (P) content (0.006 vs. 0.015 wt pct.), and a third difference in 
aluminum (Al) content (0.040 vs. 0.002 wt pct.). Based on the literature, these differences might be 
expected to play important roles in the differences in endurance limits. 
A final feature was different, but, had it not been a key aspect of the design of this project, it 
could easily have been overlooked or deemed insignificant. This difference was the degree of tempering 
of the martensitic microstructures, specifically, the presence of either cementite (ϴ) or transition carbide 
(ε) precipitates, or a mixture of the two. Additionally, in combination with these variations, the 
differences in dislocation substructure (mostly owing to differences in recovery rates between conditions), 
lath boundary carbides, and packet boundary and prior austenite grain (PAG) boundary carbides were also 
expected. 
The difference in V content should be associated with the tempering resistance of 1045 vs. 10V45 
steels, where it was shown that V retarded tempering reactions. This difference was expected to be 
revealed in the nature/distribution/size of carbide precipitates. The difference in Al content was associated 
with differences in the nature and distributions of non-metallic inclusions. Since stress concentrators were 
used to initiate fatigue-crack formation, the inclusions might be considered to be of secondary importance 
in explaining the different endurance limits. Finally, the difference in P levels should produce a reduced 
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endurance limit for the 10V45 alloy. It is to be noted that the 10V45 alloy consistently showed more 
evidence of intergranular fracture than did the 1045 alloy. This observation was consistent with the 
elevated P content of the 10V45 alloy, which is shown in Figure 5.1a. A positive correlation with the 
percent intergranular fracture and hardness was observed in both alloys. The mechanism to explain the 
greater tendency towards intergranular fracture of 10V45 alloy was the formation of carbides at PAG 
boundaries, concurrent with the rejection of P which collected at the PAG boundaries, thereby embrittling 
these boundaries and creating preferred sites for crack propagation. A previous study at ASPPRC [28], 
gives a detailed account of deleterious effect of P on the fatigue performance of carburized steels. The 
results of the previous study were in good agreement with the findings of the current study as shown in 
Figure 5.1b. The longer austenitizing times during carburizing (≈30 min) allows for greater diffusion of P 
to PAG boundaries, in comparison to induction hardening with austenitizing time in the order of seconds. 
Therefore in carburized steels the effect of P on the endurance limit [28] was greater than induction 
hardened steels in present study. 
  
(a) (b) 
Figure 5.1 Plots showing (a) the percent intergranular fracture as a function of hardness for both 
steel alloys (b) Comparison of the effects of P on the endurance limit of carburized and 
induction hardened steels, data reproduced from Hyde et al.[28]. 
With V playing a presumably important role in tempering resistance, the 1045 alloy should soften 
sooner than the 10V45 alloy, and the evolution of ε carbides to ϴ should occur sooner for the 1045 alloy. 
This result was qualitatively supported by transmission electron microscopy (TEM) of thin-foil 
specimens. The 5 s induction temper condition of 1045 alloy showed the lowest endurance (470 MPa), 
and TEM showed that this material exhibited the most-obvious presence of cementite. While this 
statement was largely based on cementite precipitates within martensitic laths, the presumption is that the 
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formation of cementite at lath boundaries, packet boundaries, and PAG boundaries followed the same 
trend. At the opposite end of the spectrum, the 4 min induction temper condition of 1045 alloy showed 
the highest endurance (605 MPa), and TEM analysis showed that this material exhibited the least-obvious 
presence of cementite, whereas transition carbides (such as epsilon carbide) dominated the carbide 
precipitate structures within martensitic laths. For the four other conditions, either transition carbides 
dominated, or there were mixtures of ϴ and ε carbide precipitates. Although the precipitates might be 
directly responsible for the differences in endurance limits, the associated dislocation densities and 
precipitate arrays at boundaries (e.g., PAG boundaries) could play even more significant roles. 
In the absence of V, the 1045 alloy was sensitive to changes in tempering temperature. The 
significant variation of endurance limit at the different temper conditions of the 1045 alloy is shown in 
Figure 5.2. However the 10V45 alloy an appreciable variation in endurance limit was not evident. It was 
observed that the endurance limit of the 1045 alloy in different temper conditions increases linearly with 
hardness at the root of the notch. Since the macro-residual stresses were comparable, these minor 
differences in hardness cannot result in a significant improvement in fatigue performance.  
 
Figure 5.2 Plot showing the variation in applied stress at endurance limit for both steel alloys as a 
function of hardness at the root of the notch. 
The micro-mechanisms involved in crack nucleation from the surface in the case region would 
lead to the differences observed in fatigue performance of 1045 alloy. The localization of strain resulting 
in localized plastic flow is also an associated effect. On the other hand, despite the differences in 
parameters of tempering, uniform hardness was observed in 10V45 alloy. The comparable fatigue 
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properties in 10V45 alloy were in part due to increased levels of P and also homogeneous nature of 
microstructures. 
The dominant factors for endurance limit are the P level and the nature and degree of tempering.  
The best performance was observed in the 4 min induction temper condition of 1045 alloy that had low P 
and its microstructure was dominated by ε carbides and a moderate retained dislocation density. This high 
endurance limit might have been matched by all of the conditions for the 10V45 alloy, since transition 
carbides were extremely common in all conditions as well as moderate dislocation densities; however, the 
effect of an elevated P content contributed to a lowering of the endurance limit. Finally, the 5 s induction 
temper condition of 1045 alloy exhibited the lowest endurance limit, despite the lower P level, because 
the tempering resistance was poor, and this microstructure showed the most intra-lath ϴ as well as an 
apparently low dislocation density. 
During tempering of ferrous martensite, ε carbides are precipitated as fine globular particles 
during the preliminary stages of tempering. As tempering progresses, lath shaped ε carbide particles are 
precipitated. Further along the tempering process, intralath ϴ precipitation takes by dissolution of ε 
carbide particles. Precipitation of ϴ along the packet boundaries and subsequently along PAG boundaries 
takes place. The evolution of carbides during tempering of ferrous martensites is shown in Figure 5.3. 
 
Figure 5.3 Schematic illustration of carbide evolution during tempering of ferrous martensite. 
 There is also a significant amount of overlap in the stages of carbide precipitation during 
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tempering, as shown in Figure 4.40. In the alloys under study, ϴ was the dominant carbide at higher 
tempering temperatures in 1045 alloy. However, increased presence of ε carbide was evident in 10V45 
alloy subjected to identical tempering conditions (Figure 4.40b). The kinetics of tempering of the two 
alloys is schematically shown in Figure 5.4. At any stage in the tempering process, the 1045 alloy was 
further along in tempering in comparison to 10V45 alloy. 
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CHAPTER 6 : CONCLUSIONS 
Load-controlled, fully reversed, cantilever bending fatigue testing was conducted on specimens of 
induction hardened and tempered 1045 and 10V45 steels. A single induction hardening process was 
conducted and followed by one of three different tempering treatments, all aimed at producing a common 
surface hardness of 55HRC and a depth of hardening of 2.5 mm (at 50 HRC). The three separate 
tempering treatments consisted of induction tempering treatments for either 5 s at 270
 
°C, or 4 min at  
220 °C, and one furnace tempering treatment for 10 hr at 215 °C. Hardness tests verified that all six 
conditions had comparable hardened depths and gradients, although the 1045 steel hardness in the case 
region was slightly more variable or slightly lower (within 1 or 2 HRC points). 
 Endurance limits ranged from approximately 470 to 605 MPa (68-88 ksi) for the three tempered 
conditions of the 1045 steel. In comparison, the 10V45 endurance limits ranged from 495 to 515 MPa  
(72-75 ksi). 
 In addition to hardness, other tests were conducted that revealed common properties as regards 
potentially key variables. As part of the induction hardening process, both steels possessed prior austenite 
grain (PAG) sizes of about 10 μm. X-ray diffraction (XRD) revealed common surface residual stress 
values as well as residual stress gradients. Compressive surface residual stress values were about 
 -750 MPa, and the transition from compressive to tensile residual stress values occurred at about 2.5 mm 
from the surface. This location was shown in all six conditions to be the region of microstructural 
transition from the high-hardness martensitic case to the comparatively low-hardness ferrite-pearlite core 
of the surface hardened and tempered specimens. 
 In an attempt to investigate the role of surface microstructure on fatigue properties, specifically 
the endurance limit, analyses were conducted that suggested a notch with depth of about 0.2 mm would 
induce surface nucleated cracks rather than sub-surface cracks. Additionally, this notch minimized the 
potentially major contribution of different inclusion populations that existed in these steels owing to 
different processing approaches required by different steels with and without vanadium (V). 
 Surface nucleated cracks were verified in all conditions. Fracture surface analyses via scanning 
electron microscopy (SEM) revealed transgranular failure of the martensitic case microstructure in 1045 
specimens whereas intergranular failure at PAG boundaries dominated fracture surfaces from specimens 
of the 10V45 steel. This difference was attributed to unexpectedly different phosphorus (P) levels in the 
two steels, 0.006 wt pct P in 1045 and 0.015 wt pct P in 10V45. Unfortunately, because the fracture 
surfaces nearest to initiation were obliterated at the end of testing owing to the fully reversed nature of 
testing, a detailed microscopic investigation of the early stages of crack nucleation and small-crack 
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growth was not possible. 
Analyses of hardness and fine microstructural features of small disk specimens showed that V 
increases the tempering resistance in 10V45 steel with a base martensitic microstructure. Specifically, 
tempering at 400 °C for times of 30 min and longer showed that softening of the 10V45 steel was retarded 
compared with 1045 steel. Transmission electron microscopy (TEM) revealed the presence of finer iron-
carbide precipitates in tempered martensite of 10V45 steel as compared with 1045 steel, as well as a 
greater propensity for intralath carbides (10V45) rather than carbides at lath boundaries (1045). Similar, 
though less obvious differences were observed from induction hardened and subsequently tempered, 
fatigue tested specimens of both steels. Specifically, near-surface specimens were extracted from fatigue 
specimens for TEM analyses. In general, all specimens showed complex mixtures of transition carbides 
(ε) and cementite (ϴ). However, the 10V45 steel exhibited a higher ratio of fine ε carbide precipitates to 
coarser ϴ precipitates as compared to the 1045 steel. Also, the 1045 steel appeared to have more regions 
of much-reduced dislocation content. These observations are consistent with a higher resistance to 
tempering for the 10V45 steel, presumably caused by the presence of V. A mechanistic interpretation of 
the effect of V on tempering resistance was not determined. 
The results of fatigue testing in the presence of a surface notch show that the highest (605 MPa) 
and lowest (470 MPa) endurance limits came from the 1045 steel; and that the variability of endurance 
limit was rather high. In comparison, the variability in endurance limit for the 10V45 steel is very small 
and the average value is about 505 MPa. Based on data from the literature, it is hypothesized that the 
10V45 steel would have exhibited endurance limits in the 550 to 600 MPa range, if the P level had been  
0.006 wt pct (as for the 1045 steel) rather than 0.015 wt pct. 
 The higher variability in endurance limit for the 1045 steel compared with the 10V45 steel is 
possibly related to a higher and a more-variable rate of tempering. Alternatively, the low variability of the 
10V45 steel is related to a lower and a less-variable rate of tempering owing to a direct influence of V on 
carbide precipitation and dislocation annihilation during tempering. The chemical inhomogeneity induced 
by solidification and subsequent processing that is inherent in all bar steel products combined with the 
differences induced by the presence/absence of V is hypothesized to have resulted in hardness/strength 
gradients, strain gradients, and localized regions of concentrated plastic deformation for the 1045 
specimens as compared with the more uniform 10V45 steel. 
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CHAPTER 7 : FUTURE WORK 
The focus of this study was to understand the effect of furnace and induction tempering heat 
treatments, with tempering times differing by orders of magnitude on the endurance limit of induction 
hardened bar steels. Based on the findings of this work, there is scope for exploring the following topics 
of interest. 
1. There is evidence that suggests the decrease in the size of carbides as a function of heating 
rate during induction tempering. It would be beneficial to understand the effect of different 
heating rates on the size/distribution of precipitates and dislocation structure, which affect the 
fatigue performance. Ideal combinations of size/distribution of precipitates and dislocation 
structure could result in superior fatigue performance. 
2. Bending fatigue testing on un-notched specimens with R ≠ -1, can be carried out so that the 
crack nucleation sites are preserved. Transmission electron microscopy (TEM) on samples 
extracted using focused-ion beam (FIB), from the location of crack nucleation during fatigue 
testing can used to develop a fundamental understanding of initial stages of fatigue. 
3. The nature, size and distribution of carbide precipitates from the current study can be 
quantified through further TEM work. A model could be generated correlating the carbides 
with the fatigue performance. 
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APPENDIX A: PROCESSING PARAMETERS FOR INDUCTION PROCESSING 
A.1 Induction Hardening – Processing Parameters 
Table A.1 – Recipe for Induction Hardening 
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A.2 5 s Induction Temper – Processing Parameters 
Table A.2 – Recipe for 5 s Induction Tempering 
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A.3 4 min Induction Temper – Processing Parameters 
Table A.3 – Recipe for 4 min Induction Tempering 
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APPENDIX B: PRIOR AUSTENITE GRAIN SIZE (PAG) STUDY OF EXPERIMENTAL ALLOYS 
A study was conducted to understand the influence of Al and V on the prior austenite grain 
(PAG) size of the two steel alloys. Disks of 2 mm (0.078 in) thickness were prepared from the steel bars 
in the as-rolled condition. Direct hardening of disks was carried out at four different austenitizing 
temperatures: 900 °C (1652 °F), 1000 °C (1832 °F), 1100 °C (2012 °F) and 1200 °C (2192 °F). The disks 
were held for 5, 15 and 60 min at each of the austenitizing temperatures. All the disks were quenched in 
water after austenitizing for the required time. In order to facilitate faster rates of heat transfer during 
direct hardening, the disks were sandwiched between stainless steel plates. After heat treatment, the PAG 
size was determined parallel to the rolling direction using a solution of saturated picric acid explained in 
Section 3.6.1. The results are summarized in Figure B. 1. At lower austenitizing temperature PAG size 
was comparable for both the alloys. At 1000 and 1100 °C, the 1045 alloy has a smaller PAG size than 
10V45 alloy. However at 1200 °C, 10V45 alloy has a finer PAG size. One of reasons for this behavior is 
the influence of aluminum nitride (AlN) inclusions in pinning the grain boundaries up to 1100 °C in the 
1045 alloy. At 1200 °C, since the influence of Al and V is negligible, prior microstructure could influence 
the rate of austenite grain coarsening. The 10V45 alloy has a finer microstructure compared to 1045 alloy 
prior to heat treatment, as shown in Table B. 1. It is also to be noted that AlN has a substantially higher 
solutionizing temperature than V (C, N) in medium carbon steels.  
  
(a) (b) 
Figure B. 1 Plot showing the variation of PAG size at various austenitizing temperatures for 
 (a) 1045 (b) 10V45 steel alloys. 
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1045 0.73 ± 0.04 0.27 ± 0.04 37.2 ± 5.6 12.6 ± 2.5 
10V45 0.68 ± 0.04 0.32 ± 0.04 18.3 ± 2.2 5.3 ± 0.9 
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APPENDIX C: TEMPER STUDY OF EXPERIMENTAL ALLOYS 
In the tempering experiments it was observed that the 10V45 steel alloy was more resistant to 
tempering in comparison to the 1045 alloy. A temper study was performed to better understand the 
influence of V on the resistance to tempering in medium carbon micro-alloyed steels. Disks of 2 mm 
(0.078 in) thickness were austenitized at 950 °C (1742 °F) for 8 min and quenched in water. Subsequently 
the disks were tempered at 215 °C (419 °F) and 400 °C (752 °F) for a range of tempering times. The 
results of the study are summarized in Figure C. 1. At 215 °C, the difference in hardness between the two 
alloys was marginal in comparison with the results obtained at 400 °C. To understand the microstructural 
phenomenon responsible for this behavior, transmission electron microscopy was carried out on samples 
tempered at 400 °C for 50 hr from both the alloys. The TEM micrograph of 1045 alloy showed presence 
of inter-lath carbide precipitation, whereas 10V45 alloy showed evidence of intra-lath carbide 
precipitation. This is shown in Figure C. 2. The intra-lath carbides are effective in reducing recovery of 
the dislocation substructure. Recovery and recrystallisation of ferrite is also considerably reduced by 
carbides pinning the grain boundaries. V(C, N) precipitates were also observed in the 10V45 alloy, which 




Figure C. 1 Plot showing the variation of hardness as a function of tempering time in both the alloys 
tempered at (a) 215 °C (b) 400 °C. 
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(a) (b) 
Figure C. 2 TEM micrographs showing carbides precipitated after tempering at 400 °C for 50 hr in 
(a) 1045 (b) 10V45 alloy. 
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APPENDIX D: CIRCUMFERENTIAL AND RADIAL RESIDUAL STRESSES 
 
Figure D. 1 Plot showing the variation of circumferential residual stress as a function of depth for 
1045 and 10V45 in different heat-treat conditions. 
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Figure D. 2 Plot showing the variation of radial residual stress as a function of depth for 1045 and 
10V45 in different heat-treat conditions. 
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APPENDIX E: TRANSMISSION ELECTRON MICROSCOPY 
Full-size TEM micrographs of the montages shown in Section 4.6 are provided in this section. 
TEM micrographs showing carbides precipitated in the temper conditions described in Section 4.6.1 are 
also provided. 
 
Figure E. 1 Montage of TEM micrographs showing the carbides precipitated in the 5 s induction 
tempered condition of 1045 alloy. 
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.  
Figure E. 2 Montage of TEM micrographs showing the carbides precipitated in the 4 min induction 
tempered condition of 1045 alloy. 
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Figure E. 3 Montage of TEM micrographs showing the carbides precipitated in the furnace condition 
of 1045 alloy. 
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Figure E. 4 Montage of TEM micrographs showing the carbides precipitated in the 5 s induction 
tempered condition of 10V45 alloy 
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Figure E. 5 Montage of TEM micrographs showing the carbides precipitated in the 4 min induction 
tempered condition of 10V45 alloy. 
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Figure E. 6 Montage of TEM micrographs showing the carbides precipitated in the furnace tempered 
condition of 10V45 alloy. 
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Figure E. 7 TEM micrographs showing microstructural features of 1045 steel after induction 
hardening followed by induction tempering at 270 °C for 5 s. Bright field image (top 
left), centered dark field (CDF) image (top right) showing intralath ϴ, CDF image 
(bottom left) showing intralath ε, and CDF image (bottom right) showing interlath ϴ. 
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Figure E. 8 TEM micrographs showing microstructural features of 10V45 steel after induction 
hardening followed by induction tempering at 270 °C for 5 s. Bright field image (top 
left), centered dark field (CDF) image (top right) showing intralath ϴ, and CDF image 
(bottom left) showing intralath ε. 
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Figure E. 9 TEM micrographs showing microstructural features of 10V45 steel after induction 
hardening followed by induction tempering at 220 °C for 4 min. Bright field image (top 
left), centered dark field (CDF) image (top right) showing mostly intralath ϴ, and CDF 
image (bottom left) showing mostly intralath ε. 
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APPENDIX F: INCLUSION ANALYSIS 
Inclusion analysis was performed for 1045 and 10V45 alloys using JEOL-JSM 6500F, field 
emission scanning electron microscope (FESEM). An area of 10 mm by 2 mm (0.39 in by 0.08 in) was 
analyzed manually to determine the average size and type of inclusions. A section from the bar parallel to 
the rolling direction was mounted for inclusion analysis as shown in Figure F. 1. The inclusion density in 
the 1045 alloy was approximately 35 inclusions/ mm
2
 and in the 10V45 alloy was 32 inclusions/ mm
2
. 
Therefore number density of inclusions in both the alloys was comparable. In both the alloys most of the 
inclusions had an average size of less than 20 µm, predominantly comprised of manganese sulphide 
inclusions (MnS). The 10V45 alloy had been subjected to calcium treatment to obtain favorable inclusion 
morphology. The 10V45 alloy also had more complex inclusions with a chemical composition that had 
changed throughout the steel making and subsequent hot forming processes. The frequency and size 
charts of inclusions for both alloys are summarized in Figure F. 2 and Figure F. 3. 
 
Figure F. 1 Schematic illustration of sectioning of sample for inclusion analysis. 
  
Figure F. 2 Bar charts showing the frequency of observation of inclusions for (a) 1045 and  
(b) 10V45 alloys, respectively. 
Rolling 
Direction
Area on the 
Sample Mount




Figure F. 3 Bar charts showing the variation in size of inclusions (a) 1045 and (b) 10V45 alloys, 
respectively. 
 
